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i ~rm~—~~a~ =~ MEMORY MODULE | NCLUDI NG A MEMORY MODULE CONTROLLER RELA

¢ APPLI CATIONS This application is related to and clains the benefit of the
f| | i ng dat ewoof4tiére fol | owing United States Provisional PateRET/US99/01942
Applications: (1) Provisional Application No. , entitled D STRI BUTED

CONTROL MEMORY BUS ARCHI TECTURE) filed on Decenber 5, 1997;

and (2)

Provi sional Application No. , entitled DI STRIBUTED CONTROL MEMORY BUS

ARCHI TECTURE, filed on Decenber 5, 1997. These applications

t he same. m‘wmmmumm he present application. This applicati gmﬂﬂmﬂﬂmmum °

related t

Application No. , entitled MEMORY SYSTEM | Nediddbdl NG A

VEMORY MODULE.J gy NG A MEMORY MODULE CONTROLLER filed on February 13, 1998,
and U.S. Patent Application No. , entitled MEMORY MODULE CONTROLLER fil ed
on February 13, 1998, each of which is assigned to the assignee of the
present apphMNMEMORY. MEBEUDEQNTHE DINGN INEMIDRY v @BH L E iGIMEARCADL BT t ai ns
to the field of nmenory systens. More particularly, the present invention
relates to a nenory systercnthat i ncludes a nenory controller on a nenory

used to store

nmodul e. ] such as single In-I1ne nmenory nodul es
(SI Mvs) and dual in-1ine menory nodules (DI M) are ty PIC&H
data, -1 This application is related to and claims the beneti

of the following United States Provisional Patent Applications:

t of the filing dates

(1

Provisional Application No. , entitled DISTRIBUTED CONTROL
MEMORY BUS ARCHITECTURE, filed on December 5, 1997; and (2)

Provisional Application No.

, entitled DISTRIBUTED CONTROL

MEMORY BUS ARCHITECTURE, filed on December 5, 1997.. These

applications are assigned to the same assignee as the present application.

This application is also related to U.S. Patent Application No.

’

entitled MEMORY SYSTEM INCLUDING A MEMORY MODULE HAVING

A MEMORY MODULE CONTROLLER filed on February 13, 1998, and U.S.

Patent Application No. , entitled MEMORY MODULE CONTROLLER

filed on February 13, 1998, each of which is assigned to the assignee of the

present application.

FIELD OF THE INVENTION

The present invention pertains to the field of memory systems. More

particularly, the present invention relates to a memory system that includes

a memory controller on a memory module.

BACKGROUND

Memory modules such as single in-line memo:ry modules (SIMMs)

and dual in-line memory modules (DIMMs) are typically used to store data,
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menory nodulc@snth@fdaig 108 .anHesPReH 39! Mod Miedl (B FRY ¥dGRRERld 85milthg Menory
controller 104 comuni cates appropriate nenory instructions (e.g., wite,
read, refredlus EI0c. DataGisneamstyrrendib® G ovy @oaddlies30and warmmpdufudsyid 18,
and to nmenory nodul e 10S via address and conmand bus 120. Data is

t ransf er r ed busad@2nenory controller 104 to both nodul es via bus 122. There
are at | east two di sadvantages associated with the conventional nenory

syst em of Fi gur e Ther¢ Bye ptdeast twg, disadyardages 2&oaratednyf itth - tie anivasgsnalhat
have hi gh capacitive | oads_which require Iar?e drivers in nmenory controller
104 and in DRAMOrY spstenvof Figuae ity d1bhyses A2$; T2Mhdnd2)22 ey enultirdroptiusee

| arge m smatches in | qadi ng bhetween the address and command buses and data
bus 122. Thég‘ét Bf‘&%&\&éﬁfé@%@“&%ﬁ%ﬁfe%@cl} ERfLIHEE {38 e RHtY isnloPemaTyng
frequency) increase,power, .c tion,.and decreas rfor ce of the
ystem  AUCPT AT 0T RSO RATES OF P37 R0k B dPate A BCHB e BRes of
ccess o mioa EaRHEtiSEs R P30T iy tatut ooy MR S e BRRE
often 64 or 472 Bh S @.tqhéwmsavg%gg i & Do d Lt ARG M OF UP
to 100 nmega transm ssions per second sf. igure shows™ another typical
menory syst efpdrhahg UeRfichRg NRIQQY 1d0ih FHEYSptibRCan e ' ng&\v
California. lepn t hi 3 syste pr ocess%r -2 17_pAUG azr(l)OZ eV\DéHS}S/aéét}i% e
(RORAMT™" ) davi cod 510 311 o metor s modul e e e 308 ol o o ed
Ranbus i n- | imembenof pinso@y. espmioxRhbely 190 pimetht £4)DINEBS SERANEEysterm) a
menory controller 204. Menory controller 204 communi cates appropri ate
menory i nst tocuppoest {eess o memary meddlesrl®bragsh 0%t The barsdwitiihaofi data bus
timemul ti pl exed fashion to nmenory nodul es 206 and 208 via nenory specific
bus ?26. Eadr2df oftea GROm~AMrits #ddp de supportdagerrsnddeidithe, dot gzamipeiof
218225, respectively, that enables the RDRAM "' devices to interface to
menory speci4y &° Bg meEgR UrRBHBIS 5RO VDE) may operate at a hi gh
frequency (e.g., 2~0 tg 400 Mz have g small bus widih (e.g.,,16 or 18
signal lines), haéguéeil%’f‘@f’?"iscﬂ%gaf ﬁ@lf%rmﬁwgﬁft%ﬁ%’ﬁﬁg‘?egfﬂhﬁal%y
embodi ment o P PeRaREE LG g MEhAER VRr,SalePat ey i Sepsrirageessor
(denmul ti pl exed) fromthe data bus in thispenvironnent. The system of Figure
2 has a nunber of disadvantages. Each RDRAMI™' device includes a
significant anount of logic in the interface |ogic which nmakes

i npl enentation of the RDRAMI"' devices nore difficult and nore expensive

t han ot her DRAM devi ces, and whi ch causes the RDP~AML' "~ devices to draw
nore power and di ssipate nore heat than if the logic was not present. This
may lead to thermal and reliability problens. Additionally, each RDRAMI™'
typically includes a delay | ocked |oop (DLL) circuit coupled to a plurality
of clock signals on bus 226. The DLL circuits are typically always
functioning and drawi ng significant anmounts of power -3



"~ z au~ zoo2 WD 99/ 41667 PCT/US99/019a= whi ch contributes to thernal1add6 2001
reliability issues. Additionally, nmenory controller 204 nust include

.relatively | #987#FVers to drive bus 226 In each of the menorBCRYSIO&IR2
described in Figures 1 and 2, the nenory controller nust be designed to
provi de the appropriate nmenory transactions to the nenory devices in a
predeterm ned format and at predeterm ned tinmes. The nenory devi ces and
menory controller nust then be designed to work together. It would be
advant ageous to decoupl e the design of the nenory devices and the nmenory
controll er such that independent advances may be made in each technol ogy.
It would al so be desirable to decouple the operation of the nenory devices
fromthe nmenory controller to decrease power drawn by each nenory device
and by the enjre nenory system_ O her features and advantages of the

present invertion Wi1EEap g\?f“*??%ﬁfyf‘ﬁguéééﬁ%ﬁhfr?q?ﬁs REMPHYs and from
0 S8 8 A A s D B T
vt a0 OIS ) LS Lo DR
(i agr am of one. Snbody host ol 4 Conran ol ey SR cher 3P
bl ock di agr amhemoayn dhdtelictesiro@i dTPRitef red ds aEIN, i8R Rhnd data in a time-
multiplexed fashion to memory modules 206 and 208 via memory specific
bus 226. Each of the RDRAMT™ devices 210-217 include interface logic 218-
225, respectively, that enables the RDRAM™ devices to interface to memory
specific bus 226. Memory specific bus 226 may operate at a high frequency
(e.g., 250 to 400 MHz), have a small bus width (e.g., 16 or 18 signal lines), have
symmetric loading for address, command, and data information, and have a
bandwidth of up to 800 MT/s. In other embodiments, the address and
control information may be separated (demultiplexed) from the data bus in
this environment.
The system of Figure 2 has a number of disadvantages. Each
RDRAM™ device includes a significant amount of logic in the interface
logic which makes implementation of the RDRAMT™ devices more difficult
and more expensive than other DRAM devices, and which causes the
RDRAM™ devices to draw more power and dissipate more heat than if the
logic was not present. This may lead to thermal and reliability problems.
Additionally, each RDRAM™ typically includes a delay locked loop (DLL)
circuit coupled to a plurality of clock signals on bus 226. The DLL circuits are

typically always functioning and drawing significant amounts of power

-3-



" nmenory system Figure 3 is a block diagram of one embodi nent of a menMDANG 2002
system according to the present invention; Figure 4 is a bl ock diagram of
anot her enbaogbreatesdf a nmenory system according to the presentPCiriisesdioon;
Figure 5 is a block diagram of one enbodi nent of a dynami ¢ random access
menory (DRAM nodul e including a DRAM nmenory nodul e controller; Figure 6 is
a bl ock di agram of one enbodi nent of a static random access nenory (SRAM
nodul e including an SRAM nenory nodul e controller; Figure 7 is a block
di agram of one enbodi ment of nonvol atile nenory modul e i ncl udi ng a
nonvol atil e nenory nodul e controller; j_  ~ z au~ zooz WO 991a 1667
PCT/ US991 019a2 Figure 8 is a bl ock d| agram of one enbodi nent of the nenory
nodul e controller of Figure 3 coupled to a tinme nultiplexed system nmenory b
us; Figure 9 is a flow chart of one enbodi nent of the process inplenented
by the nenowhichdwreribomes ob kieerrodl Fduelat8lityFigues Kidisoaally oclkendirggr am
of one enbodi nent of the nenory

controller 204 must include relatively large drivers to drive bus 226

In each of the memory systems described in Figures 1 and 2, the
memory controller must be designed to provide the appropriate memory
transactions to the memory devices in a predetermined format and at
predetermined times. The memory devices and memory controller must
then be designed to work together. It would be advantageous to decouple the
design of the memory devices and the memory controller such that
independent advances may be made in each technology. It would also be
desirable to decouple the operation of the memory devices from the memory
controller to decrease power drawn by each memory device and by the entire
memory system.

Other features and advantages of the present invention will be
apparent from the accompanying drawings and from the detailed description

that follows.



* modul e control | er of Figure 3 coupled to a denultiplexed system menoryg hyg 00!
Figure 11 is a flow chart of one embodinent of the process inplemented by

. the nmenory nodusigontrol ler of Figure 10; Figure 12 is a bloeszﬁagmammof
one enbodi nent of a menory nodul e including a nmenory nodul e controller
interfacing SDRAM devices with a system nenory bus using a Direct RanbusT"
protocol; Figure 13 is a flow chart of one enbodi nent of a read transaction
i npl enented by the nmenory nodul e controller of Figure 12; Figure 14 is an
exenplary timng diagram of the read transaction inplenented by the nenory
nodul e controller of Figure 12; Figure 15 is a flow chart of one enbodi nent
of a wite transaction inplenented by the nenory nodul e controller of
Figure 12; Figure 16 is an exenplary timng diagramof the wite
transaction inplenented by the nmenory nodul e controller of Figure 12; -6

1 2 AUG 2002 WO 99~.~1667 PCTJU8991019 2 Figure 17 is an exenplary tlnlng
di agr am of aBRE A I AR AY GHhe menory nodul e controller
~f Figure 12 u3|n% a nDdlfled protocol and Figure 18 is an exenplary
tining di agram of he fagtures @Iﬁ(éﬁgiaéflr’tgﬁs of the present invention are illustrated by

way of example and not limitation in the figures of the accompanying
drawings in which like references indicate similar elements and in which:

Figure 1 is a block diagram of one embodiment of a conventional
memory system;

Figure 2 is a block diagram of another embodiment of a conventional
memory system,;

Figure 3 is a block diagram of one embodiment of a memory system
according to the present invention;

Figure 4 is a block diagram of another embodiment of a memory
system according to the present invention;

Figure 5 is a block diagram of one embodiment of a dynamic random
access memory (DRAM) module including a DRAM memory module
controller;

Figure 6 is a block diagram of one embodiment of a static random
access memory (SRAM) module including an SRAM memory module
controller;

Figure 7 is a block diagram of one embodiment of nonvolatile

memory module including a nonvolatile memory module controller;



“inplenented by the nenory nodule controller of Figure 12 using a modi ¥ Ak 2002
protocol. _7_ 12 AUG 2002 WD 99/al667 SUM VI ARY OF THE | NVENTI ON

PCT/ US99/ 019%0 @8 6@nbodi ment of the present invention includexCTAUSRIMOYY
nodul e that has a plurality of nenory devices and a nmenory nodul e
controller configured to receive a nenory transaction froma first nenory
bus and to control access to tile plurality of nmenory devices. O her

obj ects, features, and advantages of the present invention will be apparent
fromthe acconpanying drawi ngs and fromthe detail ed description that
follows. -s ~ z Au~ zoo2 WD 99/ 41667 DETAI LED DESCRI PTI ON PCT/ US99/ 01942

A nmenory systemincluding distributed control of nenory devices on nenory
nodul es i s described. The present invention includes a nenory nodul e
controller device_on each nenory nodule in the system The nenory_ nodul e
control l er comunfigared isia kladiedingsamme hempenbodiment bethoremarysyst em
menory bus and with the indivjdual nenory devices at the nodule l[evel. The
syst em menorOFULe faptreder af diigprh 3 coupied ke ghtimeaquitimgxedraysteml mestomyr
derul ti pl ex%c:’i‘ bus. The nmenory nodul e controller may conmunicate with the

i ndi vi dual ry devices over wider, |ower frequency, denultiplexed
signals |ines. Asg; ates directly with

only the nenory m)lglt} eeggi_(%)?fer8ﬁeg}r%é¥ #%@%{%ﬁ%ﬁ?{%ﬁg@}ﬂbgwgf% memory bus
gg%t Pgl lrg(rjugaﬁsplgfl%éﬁgg @egﬁ%gﬁgﬁg?y W&dﬂ%'c‘fﬁﬁ?oﬂe@ c’gfhﬁga}{esg;em Tenory
Figure 10 is a block diagram of one embodiment of the memory
module controller of Figure 3 coupled to a demultiplexed system memory
bus;
Figure 11 is a flow chart of one embodiment of the process
implemented by the memory module controller of Figure 10;
Figure 12 is a block diagram of one embodiment of a memory module
including a memory module controller interfacing SDRAM devices with a
system memory bus using a Direct Rambus™ protocol;
Figure 13 is a flow chart of one embodiment of a read transaction
implemented by the memory module controller of Figure 12;
Figure 14 is an exemplary timing diagram of the read transaction
implemented by the memory module controller of Figure 12;
Figure 15 is a flow chart of one embodiment of a write transaction
implemented by the memory module controller of Figure 12;

Figure 16 is an exemplary timing diagram of the write transaction

implemented by the memory module controller of Figure 12;



" The nmenory nodul e controller on each nenory nodule is the interface AV
the system nenory controller and the individual nenory devices on the

. nmodul es. Thi svasxdicsect ure decoupl es the individual nenory deWd@assspnomet he
system nmenory bus and the system nmenory controller. This may allow for the

i ndependent devel opnent of the nenory device technol ogy. For exanple, the
menory devices nay be devel oped to be faster, wider, to operate at

di fferent operating supply voltages, or to operate with reduced voltage
swings than if the nmenory devices where directly conmunicating with the
system nmenory controller. -9 12 AUG 2002 WD 99/-t1667 PCT/US99/0l 9~2 The

menory nodul e may have its own nenory address lines, control lines, and
data | ines between the nenory nodul e controller and the individual nenory
devices. The signal lines for these point-to-point or bus connections may

be significantly §hgureel7 tshemetdrepbygtteminntieigeannsgct tend husestivaed in
conventional nenory systens. This may allow for reduced | oading, better
control of chppldmented by thaenerddressodle datteoller é Figared] 2ragingner ease t he
WBX|nun1operat|ng frequency of the nodul e while reducing power drawn by the
system Addi FosHEeR ygﬂﬁeﬁﬁrfﬁﬁ& be further reduced by omtting DLLs from

t he i ndi vi dual gu Y vices. A DLL may be included within the nenory
nmodul e control | er "1§"4€e isr%rHveF‘P Y RS H&W‘F‘Wft%é*’%tﬁstf@?ﬁaﬁ%%ry bus.

Figure 3 is a b F@ 351of one enb dlnent gﬁ‘ res j nventi on.

Syst em 300 i h¢ Jrégn% g}é ormgH3TY §’§‘/% [‘Fr@ 8 %Tq "‘éb‘zﬂ;‘"‘and menory
nodul es 306 gﬁﬂia RHBE ssor 302 connunlcates W th system nenory
controller 3 FocRssor 02 may be any control |ogic or mcroprocessor
that communicates wite, read, and other nenory transactions to system
menory controller 304. System nmenory controller 304 communi cates the nenory
transactions to nenory nodule controllers 310 and 316 of nenory nodul es 306
and 308, respectively, via system nenory bus 323. System nenory controller
304 may be part of a chip set for a personal conputer, for exanple, or it
may be ot her independent |ogic. Menory nodul es 306 and 30S nmay be SI M5,

DI MVs, RI MW, nodul es, or any other type of nenory nodul es. Each nenory
nodul e - 10 ~ Z au~ 200z WD 99/ A667 PCTI US991 019a2 i ncl udes a nenory
nodul e controller and one or nore nenory devices. For exanple, nmenory
nodul e 306 i ncludes nenory nodul e controller 310 and nenory devi ces
312-315) and nenory nodul e 30S includes nenory nodul e controller 316 and
menory devi ces 317-320. The nmenory nodul e controllers may be separate
integrated circuits fromthe nenory devices. Wiile system 300 is
illustrated as including two nenory nodul es, any nunber of nenory nodul es
may be used. The nenory devices nmay be placed on one side of the nodul e, on
both sides of the nodule, and/or they nmay be stacked on top of each other.
The nodule may al so be a multi-chip nodul e. For one enbodi ment, a nenory
nodul e may have an approxi mate height 3~0 of from1l to 2 inches, and an
approximate length 3~2 of from4 to 6 inches. Menory nodul es 310 and 316
comuni cate nenory transactions with system nenory controller 304 via
system nmenory bus 323. System nenory bus 323 nay be a | o~~ pin count (e.g.,
approximately 16 to 35 address, data and control signal |ines) bus
operating at a high frequency. For one enbodi nent, system nenory bus 323
may operate at a frequency of approximately 200 to 500 MHz. O her
frequenci es may be used. System nenory bus 323 includes a command/ addr ess
bus 324 and a data bus 32S. Command/ address bus 324 may tine-nultiplex
commands and address information on one or nore of the signal lines. The
command and address bus 324 may al so be split into separate command and
address buses as in SDRAMs. System nenory bus 323 may optionally include

cl ock bus 322 -11



"1 2 AUG 2002 WD 99/ A667 PCTIL1S99/019a2 that may carry one or nore cl bdK6 2002
signals on the sane or separate signal |ines, and handshaki ng bus 326 that
.may carry a WahtPeHaKi ng si gnal between system nmenory contr ol | ACTREPIQN2
menory nodul e controllers 310 and 316. The handshaki ng si gnal may be
generated by system nenory controller 30=1, for exanple, at the start of a
menory request packet or when it is transmtting valid data on data bus
328. The handshaki ng signal may be generated by nmenory nodul e controllers
310 and 316 when they are providing valid data requested by system nenory
controller 304 to data bus 328. For one enbodi nent, system nenory bus 323
may be conpatible with the Direct RanbusT" bus architecture that includes
16 or 18 data bits on bus 328, one or nore clock signals on bus 322, and
command and ggdLes%,inigrnatlon on_bus 324. The cl ock signals for this
enbodi nment E tely 400 MHz enabling a data
transm ssi on rate-of Ig 8 800 %ﬂ For this enbodi nent, system nenory
control ler 304 nayBeé h? ‘é?ﬁﬂt hér PrasgRt W“ﬁ’é)r’amfé“‘?‘%ﬁ  TBEBYSHE t he

Di t Ranmbuys''"' t t t. t b
323, adai 11 anarle BRE e R T e i T B G APrg K evel <
(RSL) Tor the,signal c%r%fmné{j%rr%&iele A BRERS, bR Rioh A b P IRRRATETL >

any ot her type of approptiate S|gna | S ey e g6y

CVB, GIL, S$lls akd o @bn@tdNgEcest %‘@llné anaﬁerhgmth; %r}ﬁggé;lpgg enbodi ment,

system bus 3?3 may be one general pu pose ‘b carries tine- nultlplexed

address, data, anOtk@nébiettsi RhAIBRIARDN adFRRtapd? of the @é&m%ﬁ@ém\(@&%ﬁ%?
PCT/ US99/ 01942 exanpl e, systen1bus 323 may bg conpatlb e with Concurrent
and Base Rar‘dmz‘bppéir'bn&lrfﬁdrhttﬁéTaumﬁ&raﬁpirnvtdilﬁ&ﬁngméﬂdl f¥BRL the G¥@tieM Menory
controller 304 may be any controller t Rat may be able to inplenent these
prot ocol s f atesgeimpiopn thaarfsHotvisons on system nenory bus 323. System nenory
bus 323 may by physically placed on a printed circuit board (PCB) that

i ncludes system nenory controller 304 and interconnection slots for nodul es
306 and 308 as shown in Figure 3. Alternatively, system nenory bus 323 may
be routed through separate channels of nenory nodul es 306 and 308 such as
channel s 402, 404, 406, and 408 as shown in Figure 4. Menory nodul e
controllers 310 and 316 operate as bridges between system nenory bus 323,
that operates in one protocol or format, and |ocal or nenory nodul e buses
(e.g., lines 330, 332, and 334-337) that operate in a second different
protocol or format. Each nenory nodul e i ncludes control |ogic necessary to
interpret the nenory transaction on system nenory bus 323 and transl ate
that transaction into the appropriate control, address, and data signals
for its nenory devices on the nenory nodule. Simlarly, the nmenory nodul es
interpret the nenory transactions on the |ocal or menory nodule bus into
the format required to transmt the transaction to the system nenory
controller 304 via systemnenory bus 323. Menory nodule controllers 310 and
316 may also include circuitry necessary to performrefresh operations of
dynam ¢ nenory devi ces) prefetch operations, error correction functions
that may use, for exanple, -13



1 2 AUG 2002 CVO 991.i 1667 PCT/ US99101942 ECC bits, current cali bratlizoAUG 100
system nenory bus 323 is a current bus, serial presence detect circuitry, a
. DLL circuit, woweaisernagenment circuitry that may shut off the gtookosmignal s
or clock enable signals for the nenory devices or provide other power down
circuits, program and erasing voltages for nonvolatile nmenory circuits,
and/or levelizing circuitry to generate signals on system nenory bus 323 ~n
t he appropriate clock domains (if there is nore than one cl ock donain on
system nmenory bus 323). Each nmenory device on the nenory nodul es
comuni cates nenory transactions with its nmenory nodule controller via
address, data, and control signals. Menory transactions are those
tfansactions that are appropriate for each type of nmenory device used. For
exanple, the nenory transactions may include wite, read, refresh,
prefetch, podeETAIWED DESERIPHEIGISe, and the |ike. Menory nodul e 306, for
exanpl e, may communi cate nenory addresses to nenory devices 3l 2-315 via
signal |ines 330, Aonemoky ispstenmatdlodingedigtribatedocanedll 6f ficgRaHS deVckbs 8n
enabl e signals, RAS, CAS, output enable signals, etc.) via signal |ines
332, and dat é“@ﬁ‘é’%dﬂﬁ@uie@-lﬁ) eferierhndiei prese3B3t@ationEachudds 4 hresiogpnal
| ines 330, 332, ,and 334-337 may be one or nore signal lines. Signal |ines
330 and 332 r‘r‘ﬁ?dldge RRRtER e mdeviee RReRACh: merlaryf medube i ithe dgsieces ThE2- 31~

to groups of nennrﬁ deﬁiﬁgs %e. ., two at, atime), or they may be

poi nt - t 0- poi At - CSANEEPH Bifs °¢ trﬂﬂ%??}“MF@eéo‘f’itt offeety st TEImMPTYar |y,

menory nodul y. nicate menory addresses. to ry, devices

317-320 via ?Péﬁ%‘@ﬁﬁ%g%sﬁm%&ﬁﬁmwi%ﬁoﬂémh tb?é“gfvgaaﬁl METBRTY340, and

data via poi RistQsppi neck.i,on 41 -14 ~ Z au~ zooz, WD .99/ 41667

PCT/ US99/ 8194@26"%%45%&% ﬁﬁg‘?‘l@h%b@r ;Tn%f QLY%t?lm’é‘smﬁé?W g%bi MAYP8410%4R ey be

one or nore i | Hioh : i o] ignal |ines

334-357 mmy ROt Re ameequcity, IBIOREt SERLm NI s TiThg HERokor

Syst em nenor ynbaale32entrb0ér ARG AR nAreste B ith, tﬁwﬁqdw;mfm ﬂfeféc}rgﬁ&évikwes
nes

334-337 may be collectively greater than the nunber of signha

carrying dat avler onic&ystbemrrfe@queﬁ_cypaéwlﬂi;@l@xs@éig%&mm@gy_A@em_l gygomtrol ler
310 on system nenory bus 323. This may increase the bandw dth of’ the data

transfer on rhemesyoontrobignlcomkaniexenpirect!  weitR oty rbeymetsory2mhodaye Carry
16 data signals in parallel on bus 328 and nmenory nodul e controller 310 may
si mul t aneouscPnprdbiersidhe doatting osi theasystarn reemiorpfbusemey bedemdiumed APt 5.
Because the data pus width may be wider (e.g., 64 or 72 bits w de) than
that of syst éWSe by drizes inethg. systesn shemony deptrotenoray atsdibeereduced.

controller 310 may.supply a clock sid al on bus 330 to nmenory devices
312-315 that is a %ﬁ%’%r&qw CREHORRON, eAFHY RGTRRTYs RAEHENEBRY bus

appr oxi mat of J BES BoyegheiRe Fybels SEEE RHBHOUR SnAcqsomy Blualieeroak
i | | : L I 100 400 . The f f

the ol ook s geal ot ks ioRRL TP i eE e P fins Bt il Feory

perform an agldv@ies(Rofh the ﬁ%?exﬂ%@i)n&g HRAURL HPE Egsﬁgxgxgmv\eh@{oﬂﬁg&r{'ga{elégrcal

address) control, and data“lines on the nenory no i CH are oupl ed

from system s 338 allb® fangilindbobhesn &b dBhherRY REe REHREY those

on the systen1nenn%§ bus, the Ioaang of -15 f)12 AUG 2802 O ﬁ%%§%$
technology. For example, the memory devices may be developed to be faster,
wider, to operate at different operating supply voltages, or to operate with

reduced voltage swings than if the memory devices where directly

communicating with the system memory controller.

-9.



" PCT/ US99/ 0194 these lines may be reduced over that of the system rrenbzﬁpﬁ 2002
and the | oading nay be nore accurately controll ed between the different

. lines so as woymsey cl osel y achi eve synmetric | oadi ng bet weenPEHESEVHHEI S

| i nes. For exanple, the |oading on the data |lines and the address and
control lines may have approximately the sane |oading (e.g., approximtely
10 to 40 pF) plus or mnus approximtely 10 percent. This may

advant ageously decrease the anount of power drawn by the nodul e and

i ncrease the maxi mum operating frequency of the nodule for a given nenory
transaction. Additionally, by decoupling the nmenory devices from system
menory bus 323 and system nenory controller 30-1, nenory device 312-315 and
317-320 may operate fromreduced or different power supply voltages than

t hose provided to the bal ance of system 300. For exanple, nmenory devices
312-315 and 317- 3he niemarprmodmby ynayptale isomnahkeosy 3 ees 1i326) may
operate from power supplies of approximately 1.8 volts to 2.5 volts while

t he bal ancec@ftrehbnespmashdataslings Spsween 300 memogporatweatordrdlevaindsther ~. 0
volts. This, npy,. I?o operate to decrease the anpunt of power drawn by the
nodul e and 1 §“§§ﬂ JNeIORY IRV icesd d T he signallinashier yaeseageirgviorppiof ot hats
signals on |ines 330, 332, a,nd_éi34- F37 may be advant ageously chosen to be
smal | (e. g. COUPFHORF MREIRE §i8aikcrd 0 shortes fhan the sy Hiem igiraanssti®R dr awn

b devi 12-315. P be furth d d h
dbvi oo and PRI R o PRy el U r TR Sl BLL TRE Tagua S B (9 ace

cont rol Ter R0 <t HiioLthabhv R, O sl SRt el o8 BRPai P

each of wem&%v%%%%%ﬁﬁ@(ﬁﬁ ggeﬁegﬁg%frtﬁg%wglé Y] %%tc@;a'

systens. For anot her enbodi nen nes 33 control |1 nes

d/ or dat apbi - ; ' t '
and/ or dat apbiveegrdf %%@Wst@&.cﬂﬂﬁhtr@@all}ﬂg%wﬁermﬂ%@eb@uthﬁlﬁmegﬁla

coupl ed between nenory ‘devi ces 312-215 and nory dul e controller

The nenory devitrgsDEL2-fB33Mm adirdlivicB2) riepode deiticet Y Re DL RA@be | € or
nonvol atil e nmenory devi ces such as DRAMs, synchronous DRAMS (‘'SDRAMs), Fast
Page Mode DiRAlEd¢dPALIIRAthE sjement emshiledairarailer iDRANE rédEDPOr PRRéMaringRanbus
DRAMs ( RDRAMI™' devi ces), synchronous or asynchronous static random access
menory ( SP~Mith yhelsxstemsmereary bnsy nenory (ROM) devi ces, programmabl e ROM
(PROVM devi ces, erasabl e PROVS cS_EPRC]VIS) electrically erasabl e PROVS
(EEPROME), fl ashFigmeryisdebiadksdiagram pleong rebodamanihehthe presdot e may
include different types of nenory devices. For_exanple, menory nodul e 306
may i ncl ude TSHHRAME- a%éstﬁ%h%?@ ingudee P30sessay 3P fctyistan FRETIRAMS N i lefemor y

T N
romor y moour &R RET TR s R Rk Haf SR TR BB Tt
AR R L s
received fremnSy&IAE ESR¥mPHRmdS 8okroREEEEd eSyiMMmeory controller

304 communicates the memory transactions to memory module controllers

310 and 316 of memory modules 306 and 308, respectively, via system

memory bus 323. System memory controller 304 may be part of a chip set for

a personal computer, for example, or it may be other independent logic.

Memory modules 306 and 308 may be SIMMs, DIMMs, RIMM™

modules, or any other type of memory modules. Each memory module

-10 -



"1 2 AUG 2002 WO 991 4166 i PCT/US99/ 0l 942 menory operations (e.g. wrt#dU6 2002
read, prefetch, refresh) including addresses on address bus 516) data

_ signal s on dwoepdt4itesss 523- 526, and control signals such as w iRGE/E@DI%2 WE
on line 518, RAS on line 520, and CAS on line 522. DRA~~I nenory nodul e
controller 510 may al so provide additional control signals to DRAMS 512-515
i ncluding clock signals for synchronous operation (i.e., for SDRAlvVIS),
menory bank sel ect signals, and/or chip select or chip enable signals. DRAM
menory nodul e controller may al so generate refresh commands, prefetch
commands, and/or power managenment conmands to DRAMS 512-515. Figure 6 is a
bl ock di agram of nenory nodul e 600 that is one enbodi nent of nenory nodul e
306 configured as an SRAM nenory nodul e. Mddul e 600 i ncl udes SRAM nenory
nodul e controller 610 that provides an interface between SRAM devi ces

612- 615 and Hidudes aemenyoryum@ide ORllee modyon® dul reotontenedryedeiss.

transl ates nenory transactions received fromsystem nenory bus 323 and
gener at es SPEQNENRFRIG, BRenary omedyle. 36, inghides, messaty meseie comiwellerddith)

i ncluding addresses on address bus _616) data signals on data |ines 623-626,
and control %ﬁ‘%ﬁ&?@%&feﬁ%g%ﬁﬂ-%—oéa Remer megdalsl HSCRCdesimemets,

write enable \A%é-ﬁn Iirge 20 nd ,out put epable on |ine_622. SRAM nenory
modul e cont r BI9BHE PR tFRNRT A apd JOPIOTR HEViGes 7 -3%ht TBE NasgART adiileRAMs

hr onous ion, burst control

612-615 incl udi ' | s_for ,

si gnal s, | |n(r:1t g%tg%l@é?%‘?gﬂ%‘?QS%%%‘E%?%%Q#%‘? CWF{téc}ggfg 5&‘86’%‘%}’19%“56%. g.,

f fi t - tansifd - OUt l. i . i s, byt

Lonble 5| onalTiile ERbeent 300UE RO 68) a0 ML IR FIERDH 5RREN S, 2881 1 1667

PCT/ US991019aan{ﬁawsfemén‘a&ganmoqngs gl{ag%@gs@ci. m%xn{qwﬂ %ic%@%n%f%% i s one
I dure o) y

enbodi mrent of nmenory nodul € 307 con as an non atil e e nodul e.

Modul e 700 i phicedasn daewed@bl ltRe MRS, SR BELE sLRASOMe&hod e, Ena%:pgféy des
an interface between nonvol atil e devices 712-715 and system nenory bus 323.

Nonvol ati | e mewyoby stautketeorc esp oblehélii ofHe?. ITHNGIOAES BNBIY bel ARSAGIchHS
received fromsystem nenory bus 323 and generates nonvol atil e nenory

oper ati ons (mcgflqlewr]Fdneooe epnbodangnty eademoeg ehodpieveraydhawe agr ase, etc.)
including addresses on address bus 716, data signals on data |ines 723-726,
and control 3PBHufiEaadieight 330 pf roredttod inchep anthbheppEowmate tength®52
wite enable E on lipne 720, output enable on line 722, and a progranm ng
vol t age on | PhEO™E taBAvENesti | e menmory nodul e control ler 710 may al so
provi de additional ,control ai na#f to gogvol atile nmenory devices 712-71~

i ncl udi ng cl ock si'gFACEY B g;g%?c G ABd S L6 ForarsHCats JREMOE Y ATANSRCtIR al s,

t si | s, L _si th [ I ds. Wth
ot orence. aok i CECERLIANGY GyeRelERaibyF SHT ORI SON S nTer? modul ¢
troll A [ ' b f |
o ovi ousty nant anen 20 g BER R BLE KRR STt iRl 1 i p R R
that some of dald af dReAdGrRNnkPBLE Bper ity A?@é%'mf&rg;agwnp&éoﬁ nt over

the sanme bus |lines of system nenory bus ternativ t'he profocols
may be demul eindloeie@ndssyEiemmiemndriyBUL3D Mal bidiatddal A rlebabsdy bt ed over a
separate data bus from address ancg*ycontrol i%f oﬁr mat i on. V\ﬁe?ﬁdgréthe
protocol is apptixitrentely 200 ¢eb00 Midkexter frogueddes ma&/ZbeﬁUSEdZ.OS}?stMQ
99/.116b7 PCT/ US99/ ~19. ~2 protocol may al so be coupl ed or decoupl ed. That
is, the protowshormbub823 ingueds iaf contuaaayl g & ddrass os\32¢ anidr othrbuwse3nds its
menory transactions to systemnmenory bus 323 at a first point in tinme and
expects the Fogumandd adaslress bns SR maw dimyd-maultiphek tomnsacisi on) addreas
acknow edgnent, signal at a second point in time (i.e., a tinmed response).
The pr ot ocol THRYTBEHeEB Rilecar Byoigseitieasignidinesi Rhe somarnd asidgridress

i ndi cate the stsg& of a rrermrg .ransaction or t%}é ndi,cat e en valid data

is transnitt QS £6%SPRY ARARGSPY BUS s§parats camenand 4B TEFRYEP PEAN 304 of
dul |1 310 316. i 8 1 bl k, di
ool & cont SPRAM:C, sk Ren 1eBlord His 2o HAT driohaRarp s HEN R P Ter Y

310 using a tinme nultiplexed protocol. Onejenbodi nent of a tinme nultipl exed
protocol may be the Base and Concurrent RanbusT~'" protocols. O her
protocols may be also be used. It wll also be appreciated that nenory
nodul e controller 800 is only one enbodi nent of a nmenory nodul e controller.
O her enbodi nents nay al so be used without departing fromthe spirit and
scope of the present invention.



Menory nodul e controller 800 interfaces between system nmenory bus 823 2t Aust2002
i ncl udes one or nore clock signal |ines 824, a transaction bus 826, and may
.optional ly iNPRUE6E valid signal 828. The transaction bus 826drsuseogeyer al
pur pose bus that may carry address, data, and control information for a
menory transaction. Valid signal 828 is one or nore handshaki ng signals
that nay be used for a decoupled protocol to indicate the start of a nenory
-20 12 AUG 2002 WO 99/i 166 r PC TNS99/ 01942 transaction or to indicate
when valid data is present on transaction bus 826. Valid signal 828 nay be
nonitored and generated by handshake | ogi c 806 under the control of control
| ogic 802. Valid signal 828 may be omtted for a coupled protocol. Menory
nodul e controller 800 also interfaces with nmenory devices on a nenory
nodule (as in Figure 3) by providing a clock signal 830, address signals
832, cont r olthaf g Rrep Pnegprdmgae alaskgigrals 88a&heGaaukosiepuah te83GnARYNNES
omtted for asypchronous nenory devices. Menory nodul e controller 800
i ncl udes recﬁ%gga‘?‘l NG DusgiZé tBek mayr carry ertfaacishgkingtshgnaldrsaeenon bus

826. Request__handlin Io%ic %34 m% i ncl ude deserializing | ogic that may
separat e théyﬁfﬁ"ﬁirﬁ?’g%ﬂ oahlisr 3 id‘d'fje@ﬁmdﬁdnéévhf farftor hersidA anddilded on
transaction nd _provide these signals to control |ogic 802 via
lines 838, é@?hgﬁ%k@ﬁngﬁé@fg@f%&ﬁe“%% KA iR PEgicenBolermdf4al so
nf ormat o on o Rel ghgfie st TRmER P rid sl Biokier FhER RS M
timenmultiple } J O¥§ t,ransacti,on bus 826.
Control | ogi iéﬁg’ég@?ﬂégt% ﬁgfdi %%%I igéﬁé@ﬁ?ﬁmx@gﬁgﬁg%k 0% SHRI MY l’g’§oo, and

generates 1 hienepsteaityi flenegniiclule A0 ABGLAALH ShaRaksyfag the memory

nodul e nenory devices in response to the signals receive m request
handling | ogirov&lidg \dichd mnmeigyiesied Wyes eaith b kdky d6NirGHed J0LRFBafPHUL & MRy
have different control logic that may be i npl eman¥ a specific translation
bet ween t he 33Bgnal types and protocol on the system menory bus and the
specific menory signals and protocol expected by the nmenory devices on the
menory nodul e.  FAioréXengindodimant, clysleaymeB6a, bay 3p3 eviydee cdinpatible Adeh 2002
WO 99/ 41667 PCTINS99/ 01947 the appropriate address signals to address

i nterface cithediiredd FambusT hes agdhvtecture tharpinobrdeatld aror®t data sitgoaltug o
control intéggace circuit 820 via lines 846, and the appropriate data
signals to a®T¢ BF ErQReS PFly spals, pr bup 333, @y commenrichard fagceess rcuits may

i ncl ude buff.ers and registe I nts, to drive address 832, nmenory contr ol
signal s 834,“%%’68‘2‘3516‘6108?6%5 1;%8 e?ggfhx& §g0ale SoBilgs egmpdiment apay whp He

cl ocked b i n b .ock generator. 810. C ock generator
810 may a%/sgagérts goﬁ‘il%gzrg;?%lx%%y gpghﬁﬁqzt%a@ﬂﬁla TR SEATE TR Agte: @f & &g 800
buffers 816 iygh rd i n r ¢l enabl e signals to
mermory devi (I:\gg /g'n F?%%%Déﬁégﬁggﬁﬁﬁt §%&gg{<m%§g%r a%?r%%6%§5W6%%§rad?yegcl ock
signals in responee thax flagcke 3B R/ Qﬁﬁﬂﬁ%r{grtgg'ﬁﬁﬁgqnggrﬂg@r“%)p&acg@%r CLK

830 may be a different fréquency than cloc ry noduf e controller

800 or cl ockneyeney aiz0iadlOnsToy systenhenierhds) Be 383 Didddibasiy bsfdi&t, or
clock divider circuit that shapes or alter's clock 824 before It reaches

cl ock gener atemogjl Bus NSty ynEsdUR embas Sigdlge BRSS! &R theGhsddsa power
manager unit 808 that, under the control of control |ogic 802, hay enable

or disabl e ¢ranskergehenatherb@l0Foihiterratiye dmbdditmentsnayl ether tgpeasl e cl ock
830 or a clock enable signal provided to the nenory devices on a nenory
nodul e so agPPECRBaterdgnplbngiels smayapedser indred imgnbTly, GMODSeSTLVEGBELY

nodul e contr er 800 ma urther.  include refresh |ogic 814
(?lLlL or other sig¥1a§ing levels. J

For another embodiment, system bus 323 may be one general purpose

bus that carries time-multiplexed address, data, and control information. For

-12-



" and prefetch logic 812. Under the control of control |ogic 802, refﬂé%ﬁ“ﬁzmz
| ogic 814 may send refresh control signals to nenory devices on a nenory

. modul e via CHABPGISG nterface circuit 820. Control |ogic 802 nBYTHEPEGIaLe
the -22 12 AUG 2002 WD 99/ 41667 PCT/ US991019~2 refresh conmand at an
appropriate tinme, or it may generate a refresh command in response to a
refresh command sent over transaction bus 826 from system nenory controller
304. Prefetch logic 812 may, under the control of control |ogic 802,
prefetch a page of data from nenory devices (e.g., DRAM devices) and store
the prefetched data for use in nenory read transactions. Menory nodul e
controller 800 may further include serial presence detect circuitry, ECC
circuitry, current calibration circuitry, and other circuitry that nay be

renmoved fromeither the s%;stgm menory controller or fromthe nenory devices
to reduce tfig? | DRI S P MPYsPYRRMBRtibleewidthGeneurrant andiByse educe t he

nmb f pi h |l er. Fi h fl o~n~
Chart that | RETUSEE 3t B Rl ditBock FREoD RS BB OB mABRSY rombislics
oi pel i ned prosdedy bR raRER 8 TG PE i e ipphebed Hece Rrdtecde for
i at ed I f
appreci ate n{é}ﬁggﬁﬁ{%fzgpgy 5 %@é&%éﬁ%rg%ﬂsﬁsper orm many nore

functions besi Ing wite and re actions between a system

menory control | esyapg, R, D n Iﬂﬁ@ .process.starts
at step 902. At sfep 904, %ﬁé ﬁng% ebg ntroﬁnwgg%ae%é |r\1/lgt§8acur‘?élﬁtory
transacti onboerdi¢BCBYRhAT aRga8Es 6fstbaSmBAforyRasmr il oy dd Bk 0B Aéction

r

deserializes the transaction at step 906 to"obtain the address, control,
and data inslotsror orochiles BO6 tananGGecas stowAlin FigRre®8 AleeRiti@ly) §3itém802

i nspects the deserialized information and determnes if the -%3 ~ 2 au-~
2002 WD 99/ UkB6PrPETs BPSUSaf I9m ot tedthamigloseparatd tieaireds bOnm@yory device
of the nodule controlled by nmenory nodul e controller 800. This may be
acconpl i sheH‘Qﬂ/-ﬂieﬁ%é@ﬂdnég& Hlechesrohanreadsl 482 S0de4@S, \aed 408 aseshovin firt
corresponds_to an address occupi ed by one of the nenory devices in the
menory moduF U4t he transaction is not directed to a menory device

controlled by negory nodul ontrol ler 0, the process returns to step
505, Tt the T r andREobh adufe ntelies 350 Rbdt L4 Snroreces EGREFOPEEFeRY

nmenory nod | 8 cagntrol logic 802 determ nes what 't of
trans;cti Oggfﬁgﬁg%egg%&bg?%g e%‘aéf@).er?tf: Il”P‘uQ“Fr%fﬁé%ﬁ,otl 5 O’irgataawji%g‘ﬁ or

transacti on i e t pri-ate wite control

St anar s {o. 5RO Had A el AL IHRE0, S AR PR o
control int i [ 9 r.ol G - t hen provides
the wite dgétgfﬁd? rflée&glpt) rrgf)%ozlaﬁar {ggﬁgt’f (ijiréﬁ%%q %}(%‘Od%tnlég%%lggr%gﬁlstcf)?prggz and
t he addr essidfic ife@eSak ¢ Gbad tdPRIBY thetR¥irR vt i ' | st 818.
The wite dé?% may be %uffefgg in a ~E?ﬁ?étgﬁ?%gﬁsﬁﬁg{QEﬁ%&ﬁ??“ﬁ%zqﬁgta may
then be wib22andntranslate tesitratbadeonintd GeadpPopefatd bents6l, aaHesksTRRB! Y
device. At step 916, an optional acknow edge signal nay be sent back to the
syst em nenofigtacsignadd far itamemnotrneewides @nofher atenoutyi modaie! Sintiar] e
process then returns to step 902. If the transaction is a read transaction,
, control | BYROBO Medieles gnésipdes thehmemery wddsagonsfort He kudakot edemenypr y
device to address .interface circuit. At step 920 control |ogic 802

gener at es tﬁ?cﬁ'ﬂﬁr% indpdhedagmas seqeired itg feansmis the trapgacteg) tothe et c. ) and
provi des thesg signals to conirol %nterface circuit 820. The data may then
be read froM 1 Ae gbeéi‘?ré’dc%ﬁﬁ ler BAE X413 system mggnory bus 323.

Memory module controllers 310 and 316 may also include circuitry
necessary to perform refresh operations of dynamic memory devices,

prefetch operations, error correction functions that may use, for example,

-13-



-24 12 AUG 2002 WD 99/ 41667 PCT/ US99/ 01942 sel ected nenory devi ce. 1TTh&J6 2002
read data may be buffered in a read buffer (not shown), stored in control
.logic 802, orwpegissered. At step 922, the read data nay be prpgTraseh/d1042
request handling logic 804 where it is serialized and may be framed by

ot her data including, for exanple, a request nunber indicating this

particul ar read transaction. At step 924, the read data may then be sent
back to the system nenory controller when system nenory bus 823 is free or
when all ot her previous transactions have been conpl eted. For one

enbodi nent, handshake | ogic 806 or other logic (e.g., request handling

| ogi c 804, control logic 802, or other bus nonitoring |ogic) may nonitor

the activity on system nenory bus 823 and indicate to control |ogic 802
when it is t%eqé%n of menory nodul e controller 800 to send its read data
to the syste fyCEEARt edlibntion ibsistengnemonye bos B2bis a §23renthais) eadaldat a
may be sent back with valid signal 828 in a decoupled system The process
then ret ur ns PFESeSF@fledpes cirsuifay ea DIL sireuib|paokerdinagagamert ciecuityy Heduhey
controller 1030 t&jé [ @ine. en‘?odi ment of menory nodul e controller 310

usi ng a demuPtipPEXE] CZ? 8R! enelogkipablsesignals for e memanyl dsddepoot ocol
may be Di recbrm@guostTM %rot ocgl. Q. her protocols may be al so be used. It
wiil also befapprec B oM NERSH S dRTABTRB N R b BFasing YOtragss &l y one
enbodi nent o q e.controller. Oher enbodi ments nay al so be
used wit hout B8§B§??‘?%“€?‘%ﬁ$’t ’%%2%1 ???F%rn{fvgﬁf)% IFCWHE tor 8eRGiets pigdals on.
Menory nodul gn I i r f n st,em nenor.y, bus. 1023
that includes o%(r%’ggeg? Aﬁn%?lglgfgggkﬁgﬁé\ngﬁ%%ﬁ%y@%z%a%dgg}ﬁ‘}ﬁﬁ ifthgre issmore

au~ z00z WO Bkt d66 CLIRETALRAA Qs ysteRIHERDSy BYS ADDR 1026, data bus
| 027, and may optionally include & valid si g¥1al 1028. CMD/ ADDR bus 1026 nay

carry both addresEaendnentiryodeditd RNl BENRY RoHRMRI ok FANNAEE ON-

Al ternatively, CMY ADDR bus 1D26 may be separated into separate command and
address busemervaty trassgetadnsl@2eh its nrerhand stwkilBgortr@al vidatidess, Bgraised
for a decoupled protocol to indicate the start of a nenory transaction or
to indi cate andreontrol dighala. iMemoep erinsactidrisaneabbb® frahsscti@bthaYaké d
signal may be nonitored and generated by handshake | ogic 1006 under the
control of cBRPFRRTiatedpPe eagy2ype/af mErsdyndevit® 28edrayobexamipi¢, ettiefmemmry
coupl ed prot Pcol. Menory nopdul e control |l er 1000 al so interfaces with nenory

devi ces on a rﬁﬁ‘ﬁ?ﬁ’ﬂ?rﬁmﬁb’e‘“@&dq rits.ggrd, wfresh. pradetchi pgwar dovek wesenal

G ock o gnat RO Ed e FRRADoroatith dRcase RBRomeCoTHBET AL y
dul t | t. h I | ogi 004 i nterfaci

Wh transaciioaibn 80arsREs Mo BTt S BEleRoald S0 iaOgita ey sl edtrol <

d ializi i t . Jl tipl d d

T or mat | on o ouraeoh JBe REERMEs erale s GRbH SeniRe sl iR S8RSE°

control | ogi énﬂkﬂ@%ig\ﬂa@s,'ét@§%i&gfg?\a?ﬁge;gﬁgéa}r{:aetaEgaf\;ih;o?ﬁ(t-tﬁg)%ﬁ%st handl i'ng

| ogi ¢ 1004 may al so i nclude serializing seri al’lze control

and address torresctiBhi 3349387 i BR% HOAS spth] lifds 356 S1BOCLAY 8RY.337 Sild €S
of signals to be provided to CVD/ ADDR bus 102%. NVemory nmo ul3e3 Q{S%?D& er

1000 f urt her ot nuiradegnaldireshaBighainigndsogBocankD3s beTBYsdsCRik BnAddtaof 41pM
data bus 1027, refornat the data into a -26 12 | G 2002

four memory devices 312-315, to groups of memory devices (e.g., two at a

z

time), or they may be point-to-point connections to memory module
controller 310. Similarly, memory module 308 may communicate memory
addresses to memory devices 317-320 via signal lines 338, control

information via signal lines 340, and data via point-to-point connections 341-
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WD 99/ A667 PCT/ US99/ 01942 format appropriate for the menory devices of2 &g 200?
menory nodul e and provide the reformatted data to wite buffer 1012. For

.one enbodi meO 9Y&68” handl i ng | ogi ¢ 1046 may incl ude deseri al i BGTHYSWr01942
unpacking logic to performthe transl ati on between, for exanple, a narrow
(e.g., 16 bit) data bus 1027 and a wider (e.g., 64 bit) nmenory device data

bus 1036. The data nmay be stored in wite buffer 1012 until it needs to be
provided to a nenory device via data I/O circuitry 1022. A correspondi ng
address for the wite data nay be stored in address storage unit 101=I. For

an alternative enbodi ment, wite buffer 1012 may be omtted. Data handling

| ogi ¢ 1046 may al so receive data fromthe nenory devices of a nenory nodul e
via data I/Ocircuitry 1022 and/or read buffer 1038. Data handling | ogic
may then refqrmat. the data into a fornmat expected by the protocol of system
menory bus 163%: tEIi‘GP At eéﬂﬁf@&ﬁ%ﬁ??&c%()aahéﬁ@lﬁﬁg rhayibe cr@46r nayreisigralde
serializing (Pi(r%epacki ng logic to performthe translation between, for
exanple, a w ts‘(e.g., 64 bit) ) nmenory device data bus 1036 and a

ot 1 | aate’ may et EbBARHEN PR nppiec i AN SPHES) e beftae ae
b trol [ Qg | ' is the intelli f

modul e cont r ol 1050n st 8F sl Bn KAyt 886 L Tiler R oRu Bt and
data signal S%eranbhﬁeﬁ@ﬁ%fommﬁwtﬁfiﬁﬁﬁx %ﬁ%@iﬁﬁ%aéﬁﬁﬁéﬂiﬁ@& t he

signals received fromrequest hand g dul e
control | er degile&ivel Rtef@HSN TRY nOat r Yt Jolel a be
TR T e

i mpl ement a specific translation between the si S roto

the system mememprpusntiller 304 20ANEm0P IndM Qe WSt A6 PET bH?%%lQ—é%gnﬁﬂ?
the specific nmenory signals and protocol expected by the nenory devices”on
the nenory mbdal3@3. Fdris erayiaeaseahe andmaditc ofl Rd ARYtrRRO¥E B8 tHae
appropriate address signals to address interface circuit 1018 via lines
1048, the apﬁl‘%pf)étf@ﬂg‘élﬁt risir exgypae sSystenc ongmoty bns 828 aney ehrryuid daR20 vi a
| i nes 1050, and the appropriate data signals to data I[/Ocircuitry 1022 by
control |i ng WaN@és Buppsdllelerobys 428 ppd mempramiodudér exdraitar3iger®yls vi a

|l i nes 1054. Cont[EoI | oqi c 10%2 g&y al so provide the appropriate control
signal to reSdPHURFREPUSIETOV K U ERK SigRels tagrsh 0f anemosyndevieasodi2-3kvi ce

l e J i ded. data handl | | ogic_1046. The interf

orr eul to my SRR B AR AR S iR et B 8RG8t B e dhas shatoh
t i ta,1036. . nterf ircuits 1018, 1020,
Tna- 1025 oy Sl BdanpBds 355 ER 36 BN el R G Tupottin kongntrsely
1010. d ock | i | i gnal trol | ogi
T002 and 1o orBok Horr Sk R B Bt ) e A2 S o €
cl ock enabl elgien &legubAcRABY YhAeNing @S B8R /s BRRDRY BPQ%'LEGZ@‘. Of & ggper ator
oC

1010 may generate clock signals in responsé to a c signhal provided by

DLL 1058. DLembafBmieny, tHecabiefrequeicy @i BusBIC kn s BEALSrdQ2datelwh §g8ohr om
system nenory bus 1023. CLK 1030qmay be a di fferat?nt f g]uency t}ﬁan §I 8§:k

1024. Menory Middufer eemplel kitenlihe Grequenay £6 tha elodheignlove EloFRMAGEI 207 t
1008 that, under the control of control |ogic 1002 may enabl e or disable
the clock geAPPERdmMataly H00ey400 MHar Thednedlencprofdhe abbek sipaakod @Bdtkor a
cl ock -28 2 AUG 2002 WD 991.11667 PCT/US99/ 01942 enabl e signal provided
to the marmréuélég‘?éﬁéy 3lsoaberERBble-pianed. et iss peoforonan ektipowerg. dicsdi pat ed

by these mnﬁ%?a)%%végc Sélock edge.

By having local address, control, and data lines on the memory
modules which are decoupled from system bus 323, the length of these

signals may be reduced over those on the system memory bus, the loading of
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" Menory nodul e controller 1000 may optionally include address st or age uRiE 2002
1040 coupled to control |ogic 1002, address interface circuit 1018, and
_optionally tWO8YHER” generator 1010. Address storage 1040 nmay BET{USEUOOE
store address information that may be provided from CVMD/ ADDR 1026. Menory
nodul e controller 1000 may further include refresh and prefetch |logic as
illustrated in Figure 8 which operates under the control of control logic
1002. Menory nodul e controller 1000 may further include serial presence
detect circuitry, ECC circuitry, current calibration circuitry, and other
circuitry that may be renoved fromeither the system nmenory controller or
fromthe nmenory devices to reduce the conplexity of the designs of these
parts. This may reduce the nunber of pins on the system nenory controller

Figure 11 shows.a fl ow (L‘hhart that il strgtes one enbodi nent of the
operation of 'TEABIE MBYRCFedsier Avesthabeh thesysiem mematyr aad the desdiogi ons.

The process i peli.ned process,or inplemented a single stage

pr o;:gss. I t“{fﬁ‘f@g“e&&%ﬁ_ ‘éatSS’eﬁ&Wﬁ%ﬁi%ﬁ%‘f’ﬁ%@%ﬁ&?ﬁﬂi PngF g@ ;f?g(}gﬁﬁ%/t _

er f orm man . Si .transl ati wite . and rea ransacti on
Eet ween a sglsc,)tgé;el %nég%g@gmé}gﬁ%l lgrgaﬁlrgdgﬁé%?"yﬂg"e%‘%%@ l§$sa ﬁ‘éﬁ’rﬁ’r‘vn dul e.

The processtiat @%H%ﬁbn%@%é&%es@ncﬁEﬁ@aéég%sd%%ﬂﬁgéf%\%ﬁa}%' iLG

1000 receives a nenpry transaction reques

2002 WO 99f i a i i ng_ | ogi
Sopn T e R 5 8 e AP, SRRl o

1004 unpacks or deserializes tile co n I on and
transnmits thiisus approstiaslyt 10 erdenel THgirgal @82anAb trol
| ogi ¢ 1002 i nspec?g t he ungtackgg or deseri al )ilzed i nf’gﬁrﬁ?i%ér%ggansgqggterm nes
i f the transmounonfipwier deawd Wytke meothily deliceeise theemaRmdlig control | ed
by menory nodul e controller 1000. This may be acconplished by inspecting
the nenory apeREsg fregeenaydof theewduleifor cogivespaadery earatsaatdness occupi ed
by one of the nenory devices in the menory nodule. If the transaction is
not directed to Addstionallycy decewplingithedneiyome dericesrhrhesystmr ol | er
1000, the process ret égs to step 1102. If the transaction is directed to a
menory devi PEMIN: P& PE32BY SHSHIRYMABWIY ccondralles 304, meouwry device 3121335i ¢
1002 determn type of transaction is reqguested at step 1110. If the
2 %y@;{) t“éXif PRALHE TR redsked air CLgf@r@nwrgﬁéﬁmﬂw\@tagﬁ@

transaction is

i i i gnal 9. . 1112 and
o ovi e nieg ERsE AR RecticARR Palnfeder sfitert 0 PO bR qRESO Rand i ng
| ogi ¢ 1004 gmy; _BIOKhAS eI t 1014,
W Ternat i vely “Contr ol o 1enb ey Broviady Rl ERle 388 a e oo

interface Cirfa?uiﬁeragelﬁonf bmﬁ‘éfad%nggi,es\M? ﬂ%wrﬁatté%gfi.@rvoflr&% %.32\[};9{5 used. At

step 1114, dafa handling [ogic accepts wite‘data from unpacks

or deseri al wigle thb®aldrideeoaiedcorapEnPR@VINIS stdla IWihSy S3kfate® W 3 L8 BUf f er
1012. At step 1116, the wite datg IS proséi%/ded in thgyagpropri ate ga?a

format to dat a0lvalsci Thisithay aléiR@pertie télaleardmy thoigmdu@t \Wigdwer dfhent he
desired nenory | ocation of the serect ed nenory device. At step 1118, an
optional ackndvd sugbilsiagathuselyy besteend0hagkiditiohdlty, she veteagesoriyigo3Ghe 1 2
AUG 2002 WD 99/4 i 667 PCT/ US991 01942 controller after the wite operation
i s conpl et eti8NTEEPHBeE3R0, 1338nane 3387t maythepadvi@ragaofustyhehoseansamt i on i s
a read transaction, control I?gi c. 1002 generates the

small (e.g., approximately 1.0 to 2.0 volts) to further reduce power drawn by

memory devices 312-315.
Power may be further reduced for each memory device and for the
system as a whole when a DLL is required to interface with system memory

bus 323. The DLL may be included within memory module controller 310
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appropriate read control signals (e.g., W, CS, OE, etc.) at step 11207 Au8 2007
provi des these signals to control interface circuit 1020. At step 1122,
_ control Iogﬂ60f86%6fhen provi des the read address of the sel e®CEXSAUNIFY
device to address interface circuit 1018. The data may then be read from
the desired nmenory | ocation of the selected nenory device. The read data
may be buffered in read buffer 1038, stored in control logic 1002, or
regi stered. At step 1124, the read data may be provided to data handling
|l ogic 1046 where it is serialized or packed and may be franmed by other data
i ncluding, for exanple, a request nunber indicating this particular read
transaction. At step 112b, the read data nay then be sent back to the
system nmenory when the system nenory bus is free or when all ot her previous
transaction;ap%yghbeen cogpleted. or_one enbodi nent, handshake | ogic 1006
Def ghagv eachi of memEoy, dleviges) g 3o1amy kpiteaberm dequized ayi c

or other | ogl

1046, contr j: 0 or. other bus nonitoring logic) nay nonitor the
activity on9é92€§%§W%n%%§egﬁ§ 1023 and indicate to control |logic 1002 when

it is the t - 000 d.its read data t
Lhe ystom memor ¢ Cranpiter @HYeRiFORt (1drEls IBRD Y0 sRE R s Y, A id Gat a

Then returns o nren 100 oareig e i A R e e b e Reban o

then returns to step 11 lgure 12 i's a dul e
1200 that i benneererhotbREAEYRES MRIDIS m&i'ﬂe%}\ ' ry nmodul e
1200 is an -31 12 AU552002 WO 99/ 41667 P %gggﬂ%%géggggﬁiﬁfgﬁggle t hat

i ncl udes SDRAM d&@hearemb2(4tel 266 NGB TRARA B1/Dd0 e coOLRO! 86 jlgemory
nodul e control ler 1202 prgvides a bridge between sﬁgten12ék§r;#§8§m¥g52
using a Di r ectnoRyebriddheprayodeticésandcls YPDRAMS synShESSMITBIRA s
controll er) and SDRAM devi ces 1204-1207. The Direct RanbusTh' protocol

i ncl udes cl 6dRR&iNHaFastAagelikgle DRAMBATEM \BHRABs), hex terydeabdatd dui ndi cat es
a conplenentﬁéxvfiggﬁk) data lines 1232, row address |lines 1234, and

col unm addr Sn AIBAMERY RembusdyRiddds (BBRYGMET glerices) syexchroheus ow
addr ess may inclﬁgg 3 signal | i nes, and the colum address may include 5

signal |ine8" A8YHEEOPPHR AN FARAUAGIESS MEMeeTyaoierMDiderices RoRaVM Ly

POk 1230 i Rae KOPDIRUES RpEaBriat fh Oy (TSvidevicimerassbimal o used
vbrory” moaut R AESRPRY BRREALT St BRORES BRI AR enermert r o
syst em NeNDHYvRYES detthd QreDRAMR rﬁg&%gé%ggdgﬁoﬁma§Q§ﬁl%%§?:gqfféE#%té}y$Qg§¥z

1204- 1207 may be 64Mb SDRAMs such as scrirped i e

sheet of | BMembdBVESHE8)4Eo | @4%@& ﬁ%é@@é%af@ﬁclhﬁ%ﬁgﬂ%
y a i mory

products published in Novenber 1997. O her’ SDRAMs ma SO0 be use

modul e cont ant Ireemb?P Zned 0ld 36S nfdy Biclc@OEMD DRAMIR i ABHRy SRRAYR 3704
and 1205 over control bus 1238, and second control infornatign t o SDRAMs
1206 and 120Wyoumiudononebldilie meAdryGoeniced ahdmdR38y MydiuRcBoBIenA, ¢l ock
signal CLK 1208, a cl ock enable signal CKE 1209, a -32 12 AUG 2002 WO

991 41667 PCraisde Molgile memeryedabicessi gnal WE 1210, a col urm addr ess
strobe signal CAS 1211, a row address strobe 1ZAS 1212, and one or chip

sel ect signals CEigwa3 isg Mack dipgramomfrmlenry modaleridp thatlisideea cl ock
signal CLK 1216,,.a cIo?k enabl e sigpnal CKE 1217, a ~n~rite enable signal WE
1218, a col HMpodimert el ;mempEy dnedule dsconfiguresd s RGN gBesOrBbe PEAS

1220, and ope or_chip,sel .Si.gnal 221. For ope enbodi ment, the
frequency o (¥ﬁgetﬂﬂ8iﬁg%§@%dn@g e?iyggﬁéﬁnﬁ@oﬂbﬁﬁ lgeroatolise I0Hhat o 200
MHz. O her i ) modu caontrol l er al so

communi cat eéfﬁaﬁg%hgﬂﬁﬁﬁe b@‘?@%&ﬂ?%ﬁ%ﬁ@ﬁﬁ% SVF%r%d’a‘F’BQEY bus
1214, and tpySBRA nﬁ%% ' For,_one enbodi nent,
each addr essu%??@mliiﬁggl u eojfgqﬁ%lrlgesggrﬁl{rgggr g#\b;t%ﬁgléfﬁi r?’iegh%ly two bank
sel ect |i negahoicthmlsaetéiRadba | m@n ' an
alternative enbodi nent, contrgﬁﬁgﬁ%eﬁgggﬁg%%nggﬁgﬂ%ay e gﬁﬁkggﬁ%kﬁﬁs as
shown in Figure 3. Simlarly, address bus¥s 1214 and 1222 may be the sane
bus. Menory nodul e controller also communicates read and wite data with
SDRAMs 1204, 1205, 1206, and 1207 via signal lines 1224, 1225, 1226, and
1227, respectively. For one enbodi nent, each group of signal |ines may
include 16 data |lines. Figure 13 shows one enbodi nent of a process

i npl emented by nenory nodul e controller 1202 to performa read transaction
fromone or nore of SDRAMs 1204- 1207 after receiving a read request from
system nmenory bus 1242. Figure 13 is described with the aid of the
exenplary timng diagramof Figure 14. It will be appreciated that Figure
14 shows CLK 1228 having approximately tw ce the frequency of CLK 1208. For



12 AUG 2002 WO 99! 4166 i ~crrus99roi 9a~ enbodi ment, CLK 1228 may havie] &U6 2002

frequency of approximtely 400 MHz and CLK 1208 may have a frequency of
. approxinatel?“ggﬁ“ﬁﬁb For other enbodiments, different rati of@fUS99/01942
frequencies, and /or different frequencies, my be used. Menory nodul e
controller 1202 may inplenent the process of Figure 13 using the circuitry
shown in nenory nodul e 1000 of Figure 10. For exanple, CLK 1024 corresponds
to CLK 1228, CMD/ ADDR 1026 corresponds to row 1234 and col um 1236, data
1027 corresponds to data 1232, CLK 1030 corresponds to CLK 1208, address
1032 corresponds to address 1214, nenory control signals 1034 corresponds
to control bus 1238, and data 1036 corresponds to data 1224. For other

enbodi ments, other circuitry may be used to inplenent the process of Figure
LT oS Mool R 430 it At ot e
1204 1207, AL ReepTE0EE fle PRI phatals HRES ovihadt andtsararalenalt snepe

i or mat ot ot rel rog o £003: Tebnrand Bal e rHooa St el Bey deRAMe row
APDr opr 1 a0 e bank Bty uat e comng 1 HLER R LA B bR s
1238 and/ or t4 ARANFO612:5a5anblodiAgRlock :ﬂgnﬁlﬁH‘bpQﬁﬁ@{rsngé@E)p?gaﬂ?\ﬁ?é%,cﬁgand

i ncludes disabling CAS |ines 1211 and/or "1219 and VE | ne

AUG 2002 WOSEER AM)7 mRETHtYSOH 0 30142t SiRAAR] aAd1Sr cliBteftal) i enes 1213
and/or 1221 and RAS |lines 1212 and/orlg§l220 at the ?i si ng erdggD (g)}?aﬂéfK 1208

and/ or 1216 sig@edaudRAM memory raddukseortgoliahed? aoseedatdsdebspy Direct
RDRAMIM devi ces may be different than that used by the sel ected SDRAMs, the
activate coffBEHB2BHppPTalatchbncaromaadiss @nd /or pesvcr2B4nagement bordenaod 1
address inf ﬁI%Mon Trgr,the sel ected SDRAMs. In this exanple, this colum
address inf SRl 9°-be stored in address storage unit 1040 until such
tine that the coIPurm a dresbj i.nformation is issued to the sel ected SDRAMs.
At step 1308 and ‘PBY Piltd Hlack d1agram pememeamodsiméitithas isene on col um

| i 1236. : d. incl i ce, bank, I dd

i ormat 1 on T o RN (8! PRt AR BR A0B FoiioeRER b Ot B STRRRERY AL st ep
1310 and f ' td 7 handl i ic 1004 iali

he read commardant o aeiSBanEy s AN POt BhleicBntiadr ETa00aT <
Control | ogi [ -add d,th d dt
Che. sol ect of SDRAE. Duns aaareere Bl AR B PRB0NE 6ot PRsteRol bus

1238 and/ or bLi2423. r SRPAGtrh¥RloYy tROH uNEoihest EBN L andih late read
command i ncl udes disabling RAS |ines 1212 and/or 1330 %ﬁ%%ﬁfnes 1210

and/ or 1218 traasdctond réqegvdBiloneysiedd InemetPbud 224 aﬂﬂd%%aﬂeg Wil
and/ or 1219 at the rising edge of CLK 1208 and/or CLK 1216. If there is a

di f ference DRemesy opkeatinmsblerg.ovrityt smds ebszet pelvendswe) setlad irgda SPRANS and
the nunber of bytes expected froma single read transaction by the system
menory cont P8I 3dtress hep 646 cdatasipslamt d@adineny23836, and control signals

such as chip select or chip enable CE on line 618, write enable WE on line 620,

and output enable on line 622. SRAM memory module controller 610 may

also provide additional control signals to SRAMs 612-615 including clock

signals for synchronous operation, burst control signals, interrupt signals,

reset signals, write and read signals (e.g., for a first-in-first-out FIFO device),

power management signals, byte enable signals, and/or expansion signals.
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1 2 AUG 2002 WO 99141667 PCT/ U S99/ 01942 be repeated a desired nunbefq gfib 1001
times to match the nunber of bytes. For exanple, as shown in Figure 14, if
.the first rea¥O8¥meehd READL on colum |236 (together wth thecactioeatm:
command on row 1234) addresses 16 bytes of data and the read command to the
sel ect ed SDRAMs addresses 32 bytes of data, then a second read command
READ2 nmay be issued fromtine t6 to tinme t9 to address the second 16 bytes.
At step 1312 and fromtinme t8 to tinme t15, data I/Ocircuitry 1022 may
receive data read fromthe sel ected SDRAMs. For exanple, 32 bytes of data
may be read fromthe four SDRAMs |204-1207 in the follow ng manner: from
tinme t8 to tinme t10 data I/Ocircuitry 1022 nay recei ve data packet DO that
i ncludes the first eight bytes, two bytes fromeach of the four SDRAMs
1204-1207; fromtiye t10 to tinme t12 data packet D that includes the
second ei ght byt ed 850’ by &do¢k dingsamhofomertasy frood ulsidBNbat fs ome t i me t 12
to tine t13 dat,a packet D2 that inﬂtfdes the third eight bytes, two bytes
from each of TIROFBFN HiRAGEmOR,modyle 307 ceafiguzed as mnmponvalatila meracket D3

t hat i ncl ude | a i bytes, two bytes from each of the four SDRAMs.
It will be ag%lr’@@%eat@aoﬁr@? %%CE% r aiitemeR Ly drpfllepentioHper 19

bytes and a ¢ cycles may be required ad the selected
data fromt hehéiﬁfeog?%%pgggﬁkfsﬁ;%%%%eﬁg r}%g’(??acf&? g}]eivécelse?égii}gcﬁn EYHEY be
stored in reafdeRuls BLisHIZS R i he da o data_handl i ng
| ogi c 1046. Al termatively, ﬂdnqrr%;llgtggmﬁ%‘\??gg’go%ﬁﬂgeﬁnﬁg’l{65 ﬂgttéa‘?ﬁjﬁmsi ng
| ogi ¢ 1046. Ahermbep tthdbdetibhdd fedatntdl Fgh LOg WAl 428 Lhe
data into the prog)gr form;t expect ed rby t)ﬁgéﬁisxg%%oﬁzﬂ‘%l}éézﬂg% 8@\%%&%1667
PCT/ L1S99/ 01942 vajsile mhemapy \opeoatis® (ef., QhitddrapBesart232d, FdetO
enbodi nent, data packets Doyarlffo?QDl, itncci’ udi 1ng a{a% oif’aEI1 of 16rbyet'e28‘6vferdata
from SDRAMs U201 207se, rtry) inelydiclgeddrasses oReddtbst Ry 1B} edtat §i 3RS S 1 QN
DATAl1 that may provided to data bus 1232 at step 1316 and fromtinme t11 to
time t1S. Sikinearky726aard saoked sighalasdthDs; clipceledt og chipsercarid CEBohylires of
data from SDRAMs 1204-1207 may be packed into one uninterrupted
transmi ssi on’BATKD!e BRRDIeRY B pBinee?Rl, outpiteermbde 023heat22sarg 316 and from
time t14 to tine t16. éI;(Bgﬂre 15 shows_one_enbodi nent of a process
i mpl ement ed BYCREARTYN fagecontling 74 Nawolatilgenemony anod uteccontanlect i on
to one or noLe of . SDRAMs 12Q4- 1207 after receivi ng a wite request from
syst em nmenory Bimay 3l Proyd §aarf§é‘BPB€ Rl sigRalg e anyolgtile angmeayt o any
of the SDRAMs..,,Fi 3 1s;.descri;bed with the ai,d of the exenplary timng
di agr am of 'I\:/?St\jggg?gf 7@%%?%?“?%{}8&‘%&(;85{‘?1&fPéPY‘ﬁUE“HﬁyoPFﬁﬂt%rﬂur%e
process of FigH{8] 43n4fi 2d jE Clf wo_ mry ;modul e 1000 of
Figure 10. It vm'rll be abpr%%:tim‘g%gécl}g"tﬁ%‘%’géfrg%%éelfgggHFW{SCERO%%SIHW Sn%r
appr oxi mat el yottwhgfd§he frequency of CLK 1208. For one enbodi nment, CLK 1228
may have a frequency of approxinmately 400 Mz and CLK 1208 nay have a _
frequency of appr dithatfrgnddagMrizio F@ur@Bf‘@)ﬂst@rﬂbﬁ@H@gt&ntr@ll@%@@%c{ atios
of frequencies, and/or different freqguencies, nay be uSed. The process
starts at st eperhbO2 moktulsteemtidilets 310 andoP g @ ddnin@nidat® using aAyactivate
command is sent on row |ines 1234 including a device, bank, %7

number of protocols as previously mentioned. In general, these protocols

may be multiplexed such that some or all of the address, control, and data
information is sent over the same bus lines of system memory bus 323.
Alternatively, the protocols may be demultiplexed as shown in Figure 3 with
the data transmitted over a separate data bus from address and control

information. Whether the protocol is multiplexed or demultiplexed, the
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12 AUG 2002 WD 991 41667 PCT/ US99/ 01942 and row address of nenory | ocati Aibsl00?
in one or nore of selected SDP  AMs 1204-1207. At step 1506, data request
logic 1004 de¥8rPP41%%es the command and address information an8CHUE9Y/eI842
this information to control |ogic 1002. Because the nenory addressing
schenme protocol used by Direct RDRAM ~~' devices may be different than that
used by SDRAMs 1204-1207, the activate comrand supplied on row address

| ines 1234 may include colum address information for the sel ected SDRAMs.
In this exanple, this colum address information may be stored in address
storage unit 1040 until such time that the columm address information is

i ssued to the sel ected SDRAMs. At step 1508 and fromtine t2 totinme t3, a
wite command is sent on colum lines 1236. The wite command i ncl udes

devi ce, bank, d colum address information for the desired wite

| ocations i nl’tfﬁgo%gwfi\ao BrRRNE edrer deeyypledo Thaddsetse ratutiol mpyl begi ¢ 1004
deseriali zes CF“? N s Gooand and }pr’ovi ags this information to control

| ogi ¢ 1002. | IS, L the Systery memitecopiallen sends itspemosy thansestiers éet ed

for witing i Ms..and t.he.nunber qf bytes sel ected by the
syst em menor ;%%ﬁf?%ﬁ%&fﬁ%%%%taegésqﬁti@Fé’hgi”l%iBgWeﬁﬁ thggeguesied data
desired nunbej L t : n‘!mg) r. of bytes. For. ex | e, as,shown
in Figure 16?ni ?lfetgﬁgér?iis? s‘?aﬁ?%agmnd %Fgﬁﬁ“ﬁﬁg%’&eﬂﬁﬁlgﬁggpf SeRitther

with the act ipwaiteincxﬁmare(n@l,@Qi&@&vr%eﬁe&ﬁggog@cq@ﬁgbg;deggi,gl atd the

wite command to the sel ected SDRAMs addres € n a
second writ e usdryrahd nWBhIAIER: YW DR] §iSEHE ' tor 1i to
address the second 16 byt est.g - 38 1§ AU% g%dgghg\?@{%ﬁﬁi%@% bﬁ?%@’%/& 9d2
At step 15| 2trandadtioomot tonindiGateowhemeatit, daal 3 thansthimna k&gyﬁeﬁ\%@
receive wite data DATAl from data bus 1232 and may unpack or deseri al’i ze
the wite dabas 323ty $ystethimgmiosyicontrodér 38y cftraemdrienvt il slatdPAFAL
into wite buffer 1012, and address storage 1014 nay store the wite

addr ess out pBf 359- request handling logic 1004. If a subsequent wite or
read conmand i s received, copthg, | ogic 1002 may inspect wite buffer 1012
and address storagég"fﬁ %1Srplock lip e §f anemedy ased ulef cartieoldatB08shat &

located in address scgora ef1014, t hen tpe corresponding data in wite
buffer 1012 may DE T BOIREMATY rrerduly Fontrallps 840 atsngvai timeconmand

WRITE2 is i ived f time t8 to tinme t10, and
associatod wit R Pl SaRitiee “FH RN i auH s iniacal mey
tored i i t f [Me t6 to time t7,

ont ol 1ogi £ 1003 Than v Al R0 3ER AletaRT Ol Rredivioscrane
over addr eSSalguSoeL;’slbﬂi.andémraléc?%@,ap?:?é’cﬁ&%] &Baggr}?%{gg,gnb ;‘ﬂéocﬁé,%%,'é,l{%}%pgrisone

command to the sel ected SDRAMs over "contro n

embodi ment, bhe eppeaiddibematk aehmodt t&ANERYL R U ' | S
lines 1211 arid / or 1219 and WE Iinec}slla}’t1210 and / o@%ﬁg%?h%n%ggég an CS

lines 1213 amuyoalsd B2 usaddviRASul deeartibgl2on HospitR2h B theigigs&ge of

CLK 1208 and/or CLK 1216. At step 1518 and fromtine t9 to time t11,
control | ogi ®'v€@gronrhen provides the col um address and the wite conmmand
to the sel ected SDRAMs over address bus 1214 and/or 1222 and control bus
1238 and/ or 1240, Memericiogsly cortspllen80@ ibtatfavesthettvieen 3yptedpmehoryw i t e
-39 .

bus 823 that includes one or more clock signal lines 824, a transaction bus 826,

and may optionally include a valid signal 828. The transaction bus 826 is a
general purpose bus that may carry address, data, and control information for
a memory transaction. Valid signal 828 is one or more handshaking signals

that may be used for a decoupled protocol to indicate the start of a memory
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~ Z au~ zoo2 WO 99/416G7 PCT/1JS99J01942 command i ncl udes di sablingq 6 7002
| ines 1212 and/or 1210 and enabling CS |ines 1213 and/or 1221, PEAS lines
. 1212 and/ or W¥@d®4168nd VE | ines 1210 and/or 1218 at the risingpEfogyoafioflK
1208 and/or CLK 1216. At step 1520 and fromtine t9 to tine t14, control
| ogic may cause the wite data to be provided to the sel ected SDRAMs on
data lines 1224, 1225) 1226, and/or 1227 fromdata I/Ocircuitry 1022. For
exanple, 32 bytes of data may be witten to the four SDRAMs 1204-1207 in
the followng manner: fromtine t9 to tinme t1l1 data I/Ocircuitry 1022 may
provi de data packet DO including the first eight bytes, two bytes to each
of the four SDRAMs; and fromtinme t11 to time t12 data packet D1 incl uding
the second eight bytes, two bytes to each of SDRAMs 1204-1207. DO and Di
may correspond to DATAL. Additionally, fromtinme t12 to tinme t13 data I1/0O
circuitry lOozansmmyiopravicdindiedta wpherk eali®ated pelisest sRerdrihtdoRifiisyt es,
two bytes to each of SDRAMs 1204-1207, and fromtine t13 to tine t14 data
packet D3 i néalidisignal 6@8Irasy beimghhittimedesand pemerayddeby handakikofo
1204-1207. D2 and D3 may correspond to DATA2. It will be appreciated that
for other enBRRMBAIONGralidffconsred loginiBeR. Malisysignalo8dB magti b onaniediurber of
cycles may be required t? wite the selected the data to the sel ected
SDRAMs. Al t rﬁswﬁe# RIPIAe! e Merprey madpraestoller §O0 aiseninterfaces wiither nat i ve
enbodi nents a partial .wite to oneyﬂ(ggr | ess than all) of the SDRAMs nay be
execut ed. | TEHCRY GGVACHRS V2 2REBRTRERed Uisdas iy Fugiergl B byopteuiding aideckmay

fsi g & modi VR0 SOt Rns SHIE ot FPBH b ReEanty! a2 #ma ciPoaozb02
WO 99/ 41667 £ 41%%9%%@0%@%?3?{’%%&% ,{Q{q%'%%g a draf]% hus and a separate

control bus that transhits co 0 @55% bet wveen a system

trol | , f Fi 3
Teory modul o conts Bl DS AR sGE R Rd oo d IanAb 8 ISei 8B o om
one or nor e iaterBRAANVViHR AmbA0ToMBYs @erft{efq%gﬁeﬁafcgis@;%gi‘c 504 Th E)Iﬁcshlx%lf?) c

wherein row bus 1234 and columm bus 1236 ar’e use confro

havi ng ei ghtdesegjalizing 1ro§sC tiearmay Bepararbedd ARMiBlexéd ¢bhfY 4 dRysTbR{g Of
signal lines may be used.
data information provided on transaction bus 826 and provide these signals
to control logic 802 via lines 838, 840, and 842, respectively. Request handling
logic 804 may also include serializing logic that may serialize control, address,
and data information on lines 838, 840, and 842, respectively, into a time-
multiplexed series of signals to be provided to transaction bus 826.

Control logic 802 is the intelligence of memory module controller 800,
and generates the appropriate control, address, and data signals for the
memory module memory devices in response to the signals received from
request handling logic 804. Each memory module controller device in each
module may have different control logic that may be implement a specific
translation between the signal types and protocol on the system memory bus

and the specific memory signals and protocol expected by the memory

devices on the memory module. For example, control logic 802 may provide
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" Fromtinme tO to tine t1, an activate conmmand is sent on control bus 11223§UB 2007
i ncludi ng a device, bank, and row address of selected nenory |ocations In

. SDRAMs 1204-W@0%4166m thi s enbodi ment, the activate command nmaychgsspiRas
over two cycles (i.e., cycle 0 and cycle 1 in Table 1 below) of CLK 1228 in
which data is transferred on each clock edge of the CLK 1228 (i.e., double
punped). For one enbodi nent the packet format is as shown in Table 1 where
RQ 7:0] correspond to the signal |ines of control bus 1235.

Cycl eRQ 7] RY 6] RI 5] RY 4] R 3] R 2] R 1] RA0] OSTSF( 4] Oy 3] O 2] { 1] D{ 0] B[ 0] O
RI6] RIS]R(AIRIB]RI2ZI R 1] RIO B(1] IR 13] RI12] R(11] R 10] RE9] R 8] R{ 7] B[ 2] TABLE
1 The activate command i ncludes several fields: Q:01 Bank Sel ect: Selects
one of eight banks in SDRAMs 1204-1207; -41 12 AU6 2002 WD 99/ 41667

PCTJt JS99/ 01942 D[ 4: 0 Device Select: Selects one of 25 or 32 nenory nodul e

control | er stheRjp8optiaRoud Acds egialPiONHdRS%s anfe@ RIYF L8P0 44101 €
| ocati ons sel ected i n SDRAMs 1?814- 1207; and ST) SF Encodedngr age%sgas

Command: Bi the appsapriate nontrat signhbt foecorarslomeeiskd siréuiam®ed as linadisaat ed in
Tabl e 2. The Extended commands may incl ude hoop, precharge, refresh, and
ot her comedffs thesarropsiade idetrosigoalkrtandatg 016 cireuiaty F22 Visdifersmndrioage
activate) 10i|?1rtgr aceaci;Rc?filgs !na\}/lviktcﬁd%obnlﬁgg and register elements to drive address
832, memory control signals 834, and data 836.
Interface circuits 818, 820, and 822 may be clocked by a clock signal
generated by clock generator 810. Clock generator 810 may also provide a
clock signal to control logic 802 and to clock buffers 816 which may drive
clock signal 830 and/or clock enable signals to memory devices on a memory
module. Clock generator 810 may generate clock signals in response to clock
824 provided from system memory bus 823. CLK 830 may be a different
frequency than clock 824. Memory module controller 800 or clock generator
810 may further include a DLL, clock buffer, or clock divider circuit that
shapes or alters clock 824 before it reaches clock generator 810.
Memory module controller 800 may also include a power manager
unit 808 that, under the control of control logic 802, may enable or disable
clock generator 810. This may, in turn, enable or disable clock 830 or a clock
enable signal provided to the memory devices on a memory module so as to
control power dissipated by the memory devices.
Memory module controller 800 may further include refresh logic 814
and prefetch logic 812. Under the control of control logic 802, refresh logic

814 may send refresh control signals to memory devices on a memory

module via control interface circuit 820. Control logic 802 may generate the
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" (page hit)1lFrame an Extended Conmand TABLE 2 Fromtine t2 to tine tBAU620R
request | ogic 1004 deserializes the command and address information and

. provi des thwedomfiea7mati on to control |ogic 1002. Control | ogircTiOS2//0tdaen
provi des the row address to the sel ected SDRAMs over address bus 1214
and/or 1222, and the appropriate bank -42 12 AUG 2002 WD 99141667

PCT/ ZJS991 01942 activate command to the sel ected SDRAMs over control bus
1238 and/or 1240 (e.g., as described above with respect to Figures 13 and
14). Fromtine t4 to tine t5, a read command is sent on control bus 1235.
The read command i ncl udes device, bank, and columm address information for
the desired read locations in the SDRAMs. In this enbodi nent, the read
command may be spread over two cycles (i.e., cycle 0 and cycle 1 in Table 3
bel ow) of CLK 1228, and have a packet format as shown in Table 3.

Cycl eRQ 7] Refré$IRCb & rRahd aRGN3I Hsiopir A Itirke) 6 BShal ReabRtelaDieidshl] D O B[ 0] 0
gelds]d4]C3]d21d 1ol 1]1APR / WO 111 10l (918171 C(2] TABLE 3
The read coemmdndnol iedpensse e palefsh foomemiant sind Oveottrgrrsaston bus 82te
activate coommand: C [11: ~ Row Address: Provides a columm address for one
or nore | odE@MGYStera|raemeny icongplarB8042 Prefetol logic 812 may, under the

control of control logic 802, prefetch a page of data from memory devices
(e.g., DRAM devices) and store the prefetched data for use in memory read
transactions.

Memory module controller 800 may further include serial presence
detect circuitry, ECC circuitry, current calibration circuitry, and other circuitry
that may be removed from either the system memory controller or from the
memory devices to reduce the complexity of the designs of these parts. This
may reduce the number of pins on the system memory controller.

Figure 9 shows a flow chart that illustrates one embodiment of the
operation of memory module controller 800 for write and read transactions.
The process may be a pipelined process or implemented a single stage
process. It will be appreciated that memory module controller 800 may
perform many more functions besides translating write and read transactions
between a system memory controller and memory devices on a memory
module.

The process starts at step 902. At step 904, memory module controller
800 receives a memory transaction request on transaction bus 826. Data
handling logic 804 deserializes the transaction at step 906 to obtain the
address, control, and data information of the transaction. At step 908, control

logic 802 inspects the deserialized information and determines if the
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R'WRead Wite: indicates whether the command is a read transaction ot 2aU6 2002
wite transaction. Wien this signal is in one logical state it indicates a
.read transactwomy413ed when it is in the conplementary |ogic stateuideniosa
indicates a wite transaction; and AP AutoprecharQ_: |ndicates whether the
sel ected colum (or row) of selected nenory cells should be precharged
after reading. - 43 1 2 AUG Z002 WD 99! 41 667 PCT/ US99/ 01942 Fromtine t6
to time t8, request handling |ogic 1004 deserializes the read command and
provides this information to control |ogic 100?. Control |ogic 1002 then
provi des the colum address and the read command to the sel ected SDRAMs
over address bus 1214 and/or 1222 and over control bus 1238 and/or 1240,
respectively, (e.g., as described above with respect to Figures 13 and 14).
If the first read command READI on control bus 1235 addresses | ess bytes of
data and t héransacticmisratitectezs teea rhomSBRAMY i k204203 duld@hifolreecond T ead
command READ2 may be issued fromtine t7 to tine t9. Fromtine t10 to tine
t16, data | h@robrioedylel@frotiey 806ceThis ay e £ROplRAR e/ ﬁ%b@&%%the
SDRAMs. For exanpl e, 32 bytes of data nay be read fromthe four SDRAMs
1204- 1207 i Memery afHoedsmgceinnh do seé tfaitncormespdads tooar hderdsd beeabiad IHyO
circuitry 102 y. recei ve data packet DO that includes the first eight
bytes, two B??g thegnesaety evicereirt the TRORANGS mikrlde. 1 20the fransadtionsistridt t
time t12 dat,a packet D1 that |ncludes the second eight bytes two bytes from
each of thedﬁg&dstsm%‘?”f%ré%l%@fl@%lgd tyngemery gaedujsaederolizz &0at

i ncl ud h ' [ b , f .each of the f SDRANS;
and, 1o t (HePrref cSime o Pt PAbRSrtsattiae diteriadds 3 memarst. e g
e 4 A AR s POt R

for other enbodi nents a di rent nunber of

I ' - f ted SDRAMs.
When et ead Caihes ShAtPERs HarBe iR R Bl 1R AN Wl E 08 pri o

ore a

Lo brovi di ngrahlecsat o bavR Gah@iorGoh 89 o0 046 ghLEKACHBlotork L ey De

provided directly to data handling o
1 2 AUG 200210 Bakrbl6BInAETS k), 598/ 089a2 ) M'tfp ?Waﬁ@rﬁrﬂgébfd@ thésd ghalfshe
stem ne

data into the proper format expected by the s ry contro ron

data bus 1Z82comwol brterfanbaiticuiB20. dai stepalketonts6) PR Eb tHenChrddids a
total of 16 bytes of data from SDRAMs 12041207, may be packed into one

uni nt er r upt &t wrdasiata dihdhe BpPAtpridtatd atayopnavioddta { SOty S22 23 fheom
time t12 to éime t15. Simlarly, data packets D2 and D3, including a second
16 bytes of 28d¥ressOf She Soiesiasl nEpacryd9vicayo lad dpesskintbriace airané 818 Mter r upt ed
transm ssi on DA'I#@% t hat rm%1 rovided to data bus 1232 fromtinme tI5 to tinme
t17. For t hP'EUEARRITMRN DL Briigred dn waka buiftes (not ghisvor Hive dat mspRArE

be written into the desired memory location of the selected memory device.
At step 916, an optional acknowledge signal may be sent back to the system
memory controller after the write operation is completed. The process then
returns to step 902.

If the transaction is a read transaction, , control logic 802 then provides
the read address of the selected memory device to address interface circuit.
At step 920 control logic 802 generates the appropriate read control signals
(e.g., WE, CS, OE, etc.) and provides these signals to control interface circuit

820. The data may then be read from the desired memory location of the
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1204- 1207 may be performed as shown in Figure 18. Fromtime tO to ti mbZ2tAUG 2001
an activate conmand as shown in Table 1 is sent on control bus 1235
-includi ng a wewsaess7bank, and row address of nmenory | ocati onspifyQ8019k,
more of SDRAMs 1204-1207. Data request |ogic 1004 deserializes the command
and address information and provides this information to control logic
1002. Fromtinme t2 to tine t3, a wite command is sent on control bus 1235
t hat includes device, b ank, and columm address information for the desired
wite |ocations in SDRAMs 1204-1207. The wite comand uses the packet
format shown in Table 3 with the RRWhit set appropriately to indicate a
write transaction. Request handling | ogic 1004 deserializes the wite
command and provides this information to control logic 1002. If there is a
di fference between the nunber of bytes selected for witing in SDRAMs
12041207 e. seleced inpmesy devded. haheursaer da nhaéy B8 bttt Bla B¥ad BEsal Nbe
wite -45 ~ z aus zooz WD 99/91667 PCT/US99/ 01942 transaction |ssuedt by
the system HRWRY $ored bl temtrolelogic 805 dryregisjered hansteBe2Di fi5d rellii 44 COMMENd
VWRI TEL1 on control bus 1235 may wite a first amount (e.g., 16 bytes) of
data, and a™¥cBa@raridesd tooresuest vimdikeg hegic 864 wdsuedt fkrsefalibe®ahd gyt i me
ts to writeba seco{g(rjhﬂa unt of data (e.g., another 16 bytes). Fromti¥re t6
to tine t9, PHAAMA P I96¢ indledmgndor esamples aneijtiestdairmb&ARALcAtigm dat a
bus 1232 ang,l.rrap¥l ﬁn&%ck o% deserjialize the wite data. Data handling Togic
1046 may st ofe PARECHAT 8 Sansestiont AdisterP 74 dheneadedataonay thedbadeness

storage 101 the wite address output by request handling |ogic
1004. If a éﬁ%%g%ﬁieﬁgﬁﬁfﬂ E‘%‘F‘mrye%ﬁi‘té%lien‘awg‘er§Y§f€€enmpr}'cbm B2} isl mgec 1002

may i nspect } f . dress storage 1014 for, the requested
addr ess. IfOWeHegldg}rleéstg\Elr ?9%%182? gfjﬁ}%ﬁc qar Z‘éé’eg%S?éaﬁ‘RﬂBtfﬂi; Fotepne he
correspondi @égbedi@el { f read or overwitten. |f a
subsequent write cg%%d%fi?’%%égg %ﬁe@fﬁ@cgﬁﬁﬁeﬂ‘éﬁgiwﬁmg RBtG me t9

to tine t11804ndnessidegat 85D, WridihéMi @fﬁl&qq d,or
deserialized and al so g’t ored in W%I:qltjgsgﬁ er %@Cﬁﬁgﬂ}ggﬁégﬁhﬁo time t8,
control | ogaativififo@ntdysterp masmees bk B2B0WwM ; : (%3
over address bugolzfﬂ}feand/or 12%2, and thcgqg%gftggégg%\ggl)g%éggg?iq{/a et
command t o iSHRANEIN 204meRdTy aned ularyritedl1BD0LR3RnaNE Radld4Q thehg. - as
descri bed above with respect to Figures 15 and 16). Fromtine t11 to time
t12, cont rolYStegi Bersuy candrolier @ni bies sy$tenc olenmoryasioy 8235 BRel rédedia t e
command to the sel ected SDRAMs over address bus -46 12 AUG 2002 WD
99141667 PCTAUSSOINEdpEk 15ith valid) Bgnabs28 anal devaspledsystemm. billse pefsand/ or

1240, respegtively (e.qg., descri bed above with respect to Figures 15 and
16). From &%ﬁg rtei%rr{sotoﬁtﬁﬁa@%& control logic may cause the wite data to

be provided to t l.ect ed S on data lines 1224, 1225, 1226, and /or
1227 from dat a ﬁlguzﬁlgdﬁtar Oljggg/‘f‘sgrlg& 02%%%% w¢ centrafler 3009 thay ive

itten t : 1207 5in the fallowing. - fromtjme t10
Vo time t 18 ek ainit M el 384T SBSubler At Mfinkor enisdibiiadts g
the first e t f.the f DRAMs: and f ti
115 to i e hdedly ORe dibdlifer? of & &8 MRS Hbcalaney B dREECtt wo byt oo

to each of H}%NSTmEQMBQ?Otm Frotodds a;{gglra;sgs&oﬂs%dt. 0&%,2[19%%0 Hﬁy provi de

Additionally, fromtine t13 to tine t14 circuitry

dat a packetappreciatéd dhagnidieodtyhinod 2é ¢Bht t ~ DRAMs
1204- 1207, apr?g fromtime t14 tyf(;m{i me t15 %?F?S%chkgg?%&?en%ﬁ‘k‘é?ﬁ‘geﬂﬁ8‘°’| ast
ei ght byt e memohy madtle @atioliet. IDRAYEABOITIRAT m&RaRBbORsdBWithout
correspond o DATA2, It wll be appreciated that for "other enbodi nents a

di fferent tngfirpyt de spiditand $dagreeof theuphmenoinveyeibas my be required
to wite the selected the data to the sel ected SDRAMs. Al though in this
exanpl e all DRANMER¥wpmadude ceptroiler 40P interfages batyortimeystemampandriyal

wite to o ( | ess .than all) of the SDRAMs may be executed. Although the
present i n\r})glr’?t fHo?ﬁ ﬁﬁ lﬁgé’ﬁeaé%‘@rqrﬂé‘@r? flackrsignalflingsddiedi & command and
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enbodi nents, it will be appreciated that various nodifications and 12 AUG 2007
alterations mght be nmade by those skilled in the art w thout departing

from-47

the invention. The invention should therefore be neasured in terns of the |
clainms which follow -48 ~ z aus zooz Clains 1 1. A nmenory nodul e,

WPo9MIEE72002 WO 99/ 4166 i PGTI US99/ 01942 the spirigc@pghonsape of

conprising: 2 a plurality of nenory devices; and 3 a nenory nodul e
controller to receive a first nenory transaction in a f;rst format froma
first menory bus, and to convert the first nenory transaction into a second

menory 5 transaction in a second format for the plurality of menory
devi ces, the second format of the 6 second nmenory transaction bei ng

different fromthe first format of the first nenory transaction. 1 2. The

menory nodul e of claim1, wherein the nmenory nodule controller is to

ref ormat  2addwess bus CVMENXPDR HZsAdRia0buY TO2NENd ) o%ﬁbﬁﬁggihﬁ Ridee second

menory transaction in the 3 second format, and is to

rovi e second

menory traYRlid sigaal 1026t CMI2SADDR boks 1086 mbypéatt albiotly a8 HrSREHY cSi¥bLes. |
3. The menpry nodule of claim1, further conprising: 2 a second nenory bus |

coupled b
devi ces.
conpri ses

BR2tAR fREATRmesH Utanseotion olAlernatistelyh € M D ADDR thusofo2wenor y |
1 4. The nenory nodul e of claim3, wherein the second nenory bus ‘
WEY et asateddniR sepatateacoramandomd atidsisgrimises.i Medid sigfial
1028 is a handshaking signal that may be used for a decoupled protocol to
indicate the start of a memory transaction or to indicate when valid data is
present on transaction bus 1026. Valid signal may be monitored and
generated by handshake logic 1006 under the control of control logic 1002.
Valid signal 1028 may be omitted for a coupled protocol. Memory module
controller 1000 also interfaces with memory devices on.a memory module
(as in Figure 3) by providing a clock signal 1030, address signals 1032, control
signals 1023, and data signals 1036. Clock signal 1030 may be omitted for
asynchronous memory devices.

Memory module controller 1000 includes request handling logic 1004

for interfacing with transaction bus 1026. Request handling logic 1004 may
include deserializing logic that may separate the multiplexed control and
address information provided on CMD/ADDR bus 1026 and provide these
signals to control logic 1002 via lines 1042 and 1044, respectively. Request

handling logic 1004 may also include serializing logic that may serialize

~control and address information on lines 1042 and 144, respectively, into a

series of signals to be provided to CMD/ADDR bus 1026.
Memory module controller 1000 further includes data handling logic

1046 that may receive data from data bus 1027, reformat the data into a
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12 AUG 2002 1 5. The nenory nodule of claim3, wherein the second riehdbfy 2001
bus conprises a signal 2 line for a clock signal. i 6. The nmenory nodul e of

. claim3, whwoetorsigdie first menory bus is to operate at a firglctdAi®abispat e

and the second nenory bus is to operate at a second data rate) and wherein
the first 3 data rate is different than the second data rate. t 7. The
menory nodul e of claim1l, wherein the first menory bus includes a first
nunber 2 of signal lines and the second nenory bus includes a second number
of signal lines) and 3 wherein the first nunber is different than the
second nunber. 1 8. The menmory nodul e of claim1, wherein the nmenory nodul e
controller conprises: 2 request handling circuitry to receive the first
menory transaction fromthe first menmory bus; and 4 control |ogic coupled
to the request handling circuitry and to reformat the first s nenory
transact i ofOERt 2RPIOPatAteldot Hee mefnonyadeeides of the ReMioYy trhafisRCAr PN to at
| east one of 6 the plurality of menmory devices. -50 12 AUQ 2002 9. The
memory nmodBFRVide tap gefarmatidsedatartotweited buéfer gﬁﬂﬁﬁr foh)lmneldanbodﬁﬂér’lgty dlakac 2
mul tipl exed dat.a and address information, and the second nenory bus
i ncl uges sgﬁﬁaéf‘é?@ygléd]cﬂ‘lésr&?a)ﬁﬁﬂdééﬁéiqsﬁﬁébzllng_ anpphel;mnifg%c tooplerf ermaf Ul e
claim1l, erein the nenor dule is a dual in-lint firs menory nodl
(DnVI' M) . Vf%&a%ﬂéﬂﬁa Fye%%gf‘ér EXHTPS & PRIPWikeeg el bt_:_ﬁed%hus@%ﬁu:ﬂe i fs a
single in-Li i st nory nmodul e [ 11ZM,. . e nmenpry nodule o
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devi ces. 13, laim1l..wherein the plurality o
devi ces co?}g#tigg%fg@%go‘{}gﬁi% gle%gesn%r @é Eé%/j’f\gg. t.ola tﬂ‘:‘mﬁ’ﬁé dﬁ;‘éﬁﬁr@lﬁﬁﬁl gthe
claiml1, i OBIOA Yo7 ate 2 ¢
si gnal t h‘g’%‘ﬁﬂl)%ﬁ&gg%% i f {\hce rre#%ﬁ?/&%gédﬂij?e Sgg%llt tr%cf)el gfrﬂglgg{ac i %8ty dat a
to 3 the syshddresemesngeaiiit W1Lr For B4 altebn2i PHUEA Bment, write buffer

1012 may be omitted. Data handling logic 1046 may also receive data from

the memory devices of a memory module via data 1/0O circuitry 1022 and/or

read buffer 1038. Data handling logic may then reformat the data into a

format expected by the protocol of system memory bus 1023. For one

embodiment, data handling logic 1046 may include serializing or packing

logic to perform the translation between, for example, a wider (e.g., 64 bit) )

memory device data bus 1036 and a narrower (e.g., 16 bit) data bus 1027. For

yet another embodiment, data handling logic may be omitted and the

formatting of data may be performed by control logic 1002.

Control logic 1002 is the intelligence of memory module controller

1000, and provides the appropriate control, address, and data signals for the

memory module memory devices in response to the signals received from

request handling logic 1004. Each memory module controller device in each

mode may have different control logic that may be implement a specific

translation between the signal types and protocol on the system memory bus
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15. The mermory nodul e of clatm 1, wherein the first nenory transacti|gnais
wite 2 transaction. 16. The nenory nodule of claim1) wherein the first
nmenory trang@dblsggs7i S a read 2 transaction. 17. A nenory nodWErusesiorgsz
conprising: a plurality of nenory devices; and a nenory nodul e controller
coupled to the plurality of nenory devices, the nenory nodul e controller to
receive a first menory transaction in a first format froma menory bus) and
to convert the first nenory transaction into a second menory transaction in
a second format, and to provide the second nenory transaction in the second
format to at | east one of the plurality of nenory devices. -52 .A AF. Ah

. Ah. AU
9. A@9. A, % Af{9. Ahr. Af . AA. ASU9. AL9. A, A. ASUW% A@ . A . Ar. ASAr. AhL. A L. A@ A
A% ACA AL AAAY% AU AF. AL ACAS. . A A A33. AY% Al AF. AY . Ah

% Ahl 9. Ah. #id FaeAspedifidlineBrAbign A aA3 rofbdd] GBSy 2iehforgUl cal caV] ca
3\/]/] gg}ﬂc;]ac@q\daq%awha] waircay capdiitd. c Bpr ek arapie] cml ai]leglccrioe Yahg " a] ca] cRa] ¢
al cRa] cal C;(Jr%]v(i:ge the apprr%gri\a/te address signals to address interface circuit 1018 via

lines 1048, the appropriate control signals to control interface circuit 1020 via

lines 1050, and the appropriate data signals to data 1/O circuitry 1022 by

controlling write buffer 1012 via line 1052 and address storage 1014 via lines

1054. Control logic 1002 may also provide the appropriate control signal to

read buffer 1038 to control when data read from a memory device on a

memory module is provided to data handling logic 1046. The interface

circuits may include buffers and register elements to drive address 1032,

memory control signals 1034 and data 1036.

Interface circuits 1018, 1020, and 1022 may be clocked by a clock signal

generated by clock generator 1010. Clock generator 1010 may also provide a

clock signal to control logic 1002 and to clock buffers 1016 which may drive

clock signal 1030 and/or clock enable signals to memory devices on a

memory module. Clock generator 1010 may generate clock signals in

response to a clock signal provided by DLL 1058. DLL 1058 may receive on or

more clock signals 1024 provided from system memory bus 1023. CLK 1030

may be a different frequency than clock 1024.

Memory module controller 1000 may also include a power manager

unit 1008 that, under the control of control logic 1002 may enable or disable

the clock generator. This may, in turn, enable or disable clock 1030 or a clock
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between a system memory controller and memory devices on a memory
module.
The process starts at step 1102. At step 1104, memory module

controller 1000 receives a memory transaction request on CMD/ADDR bus
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cZ-u )N b &0gho. This may be accomplished by inspecting the memory address received
to see if it corresponds to an address occupied by one of the memory devices
in the memory module. If the transaction is not directed to a memory device
controlled by memory module controller 1000, the process returns to step
1102. If the transaction is directed to a memory device controlled by memory
module controller 1000, control logic 1002 determines what type of
transaction is requested at step 1110. If the transaction is a write transaction,
control logic 1002 generates the appropriate write control signals (e.g., WE,
CS, etc.) at step 1112 and provides these signals to control interface circuit
1020.  Request handling logic 1004 may also provide the write address to
address storage 1014. Alternatively, control logic 1002 may provide the write
address to address interface circuit 1018, for example, when write buffer 1012
is not used. At step 1114, data handling logic 1046 accepts write data from
1027, unpacks or deserializes the write data, and provide the write data to
write buffer 1012. At step 1116, the write data is provided in the appropriate
data format to data I/O circuitry 1022. The data may then be written into the

desired memory location of the selected memory device. At step 1118, an

optional acknowledge signal may be sent back to the system memory
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controller after the write operation is completed. The process then returns to
step 1102.

If the transaction is a read transaction, control logic 1002 generates the
appropriate read control signals (e.g., WE, CS, OE, etc.) at step 1120 and
provides these signals to control interface circuit 1020. At step 1122, control
logic 1002 then provides the read address of the selected memory device to
address interface circuit 1018. The data may then be read from the desired
memory location of the selected memory device. The read data may be
buffered in read buffer 1038, stored in control logic 1002, or registered. At step
1124, the read data may be provided to data handling logic 1046 where it is
serialized or packed and may be framed by other data including, for example,
a request number indicating this particular read transaction. At step 1126, the
read data may then be sent back to the system memory when the system
memory bus is free or when all other previous transactions have been
completed. For one embodiment, handshake logic 1006 or other logic (e.g.,
request handling logic 1004, data handling logic 1046, control logic 1002, or
other bus monitoring logic) may monitor the activity on system memory bus
1023 and indicate to control logic 1002 when it is the turn of memory module
controller 1000 to send its read data to the system memory controller on bus
system memory bus 1023. Valid read data may be sent back with valid signal
1028 in a decoupled system. The process then returns to step 1102.

Figure 12 is a block diagram of memory module 1200 that is one

embodiment of memory module 306 of Figure 3. Memory module 1200 is an
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address may include 5 signal lines as described in the Advance Information
Direct RDRAM™ 64/72-Mbit (256Kx16/ 18x16d) data sheet. For one
embodiment, CLK 1228 and /CLK 1230 may have a frequency of
approximately 400 MHz. Other signals used by this protocol are not shown
S0 as not to obscure the present invention.
Memory module controller 1202 provides memory transactions
received from system memory bus 1242 to SDRAMSs 1204-1207. For one
embodiment, SDRAMs 1204-1207 may be 64Mb SDRAMs such as described in
the preliminary data sheet of IBM’s IBM0364804C, IBM 0364164C,
IBM0364404C, and IBM03644B4C products published in November 1997.
Other SDRAMs may also be used.
Memory module controller 1202 provides first control information to
SDRAMSs 1204 and 1205 over control bus 1238, and second control
information to SDRAMs 1206 and 1207 over control bus 1240. Control bus

1238 may include a clock signal CLK 1208, a clock enable signal CKE 1209, a
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write enable signal WE 1210, a column address strobe signal CAS 1211, a row
address strobe RAS 1212, and one or chip select signals CS 1213. Similarly,
control bus 1240 may include a clock signal CLK 1216, a clock enable signal
CKE 1217, a write enable signal WE 1218, a column address strobe signal CAS
1219, a row address strobe RAS 1220, and one or chip select signals CS 1221.
For one embodiment, the frequency of the CLK 1208 and CLK 1216 may be
approximately 100 MHz to 200 MHz. Other frequencies may be used.
Memory module controller also communicates memory address signals
SDRAMs 1204 and 1205 via address bus 1214, and to SDRAMs 1206 and 1207
via address bus 1222. For one embodiment, each address bus may include 12
address lines and an additional two bank select lines for selecting banks of
memory in each SDRAM device. In an alternative embodiment, control bus
1238 and 1240 may be the same bus as shown in Figure 3. Similarly, address
buses 1214 and 1222 may be the same bus. Memory module controller also
communicates read and write data with SDRAMs 1204, 1205, 1206, and 1207
via signal lines 1224, 1225, 1226, and 1227, respectively. For one embodiment,
each group of signal lines may include 16 data lines.

Figure 13 shows one embodiment of a process implemented by
memory module controller 1202 to perform a read transaction from one or
more of SDRAMSs 1204-1207 after receiving a read request from system
memory bus 1242. Figure 13 is described with the aid of the exemplary timing
diagram of Figure 14. It will be appreciated that Figure 14 shows CLK 1228

having approximately twice the frequency of CLK 1208. For one
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CLK 1208 may have a frequency of approximately 200 MHz. For other
embodiments, different ratios of frequencies, and/or different frequencies,
may be used.

Memory module controller 1202 may implement the process of Figure
13 using the circuitry shown in memory module 1000 of Figure 10. For
example, CLK 1024 corresponds to CLK 1228, CMD/ADDR 1026 corresponds
to row 1234 and column 1236, data 1027 corresponds to data 1232, CLK 1030
corresponds to CLK 1208, address 1032 corresponds to address 1214, memory
control signals 1034 corresponds to control bus 1238, and data 1036
corresponds to data 1224. For other embodiments, other circuitry may be
used to implement the process of Figure 13.

The process starts at step 1302. At step 1304 and from time t0 to time
tl, an activate command is sent on row lines 1234 including a device, bank,
and row address of selected memory locations in one or more of SDRAMs
1204-1207. At step 1306 and from time t2 to time t3, data request logic 1004
deserializes the command and address information and provides this
information to control logic 1002. Control logic 1002 then provides the row
address to the selected SDRAMs over address bus 1214 and /or 1222, and the
appropriate bank activate command to the selected SDRAMS over control
bus 1238 and/or 1240. For one embodiment, the appropriate bank activate

command includes disabling CAS lines 1211 and/or 1219 and WE lines 1210
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and/or 1218, and enabling CS lines 1213 and/or 1221 and RAS lines 1212
and/or 1220 at the rising edge of CLK 1208 and/or 1216.

Because the memory addressing scheme protocol used by Direct
RDRAM™ devices may be different than that used by the selected SDRAMs,
the activate command supplied on row address lines 1234 may include
column address information for the selected SDRAMSs. In this example, this
column address information may be stored in address storage unit 1040 until
such time that the column address information is issued to the selected
SDRAMs.

At step 1308 and from time t4 to time t6, a read command is sent on

column lines 1236. The read command includes device, bank, and column
address information for the desired read location in the selected SDRAMs.
At step 1310 and from time t6 to time t7, request handling logic 1004
deserializes the read command and provides this information to control
logic 1002. Control logic 1002 then provides the column address and the read
command to the selected SDRAMs over address bus 1214 and/or 1222 and
over control bus 1238 and/or 1240, respectively. For one embodiment, the
appropriate read command includes disabling RAS lines 1212 and/or 1220
and WE lines 1210 and/or 1218, and enabling CS lines 1213 and/or 1221 and
CAS lines 1211 and/or 1219 at the rising edge of CLK 1208 and /or CLK 1216.

If there is a difference between the number of bytes selected in the

selected SDRAMSs and the number of bytes expected from a single read

transaction by the system memory controller, then steps 1308 and 1310 may
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bytes of data, then a second read command READ? may be issued from time
t6 to time t9 to address the second 16 bytes.

At step 1312 and from time t8 to time t15, data [/O circuitry 1022 may
receive data read from the selected SDRAMs. For example, 32 bytes of data
may be read from the four SDRAMs 1204-1207 in the following manner:
from time t8 to time t10 data 1/0 circuitry 1022 may receive data packet DO
that includes the first eight bytes, two bytes from each of the four SDRAMs
1204-1207; from time t10 to time t12 data packet D1 that includes the second
eight bytes, two bytes from each of the four SDRAMs; from time t12 to time
t13 data packet D2 that includes the third eight bytes, two bytes from each of
the four SDRAMs; and, from time t13 to time t14 data packet D3 that includes
the last eight bytes, two bytes from each of the four SDRAMs. It will be
appreciated that for other embodiments a different number of bytes and a
different number of cycles may be required to read the selected data from the
selected SDRAMs.

When the read data is received, it may be stored in read buffer 1038
prior to providing the data to data handling logic 1046. Alternatively, it may
be provided directly to data handling logic 1046. At step 1314, data handling

logic may serialize or pack the data into the proper format expected by the
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system memory controller on data bus 1232. For one embodiment, data
packets DO and D1, including a total of 16 bytes of data from SDRAMs 1204-
1207, may be packed into one uninterrupted transmission DATA1 that may
provided to data bus 1232 at step 1316 and from time t11 to time t15.
Similarly, data packets D2 and D3, including a second 16 bytes of data from
SDRAMSs 1204-1207 may be packed into one uninterrupted transmission
DATA2 that may provided to data bus 1232 at step 1316 and from time t14 to
time t16.

Figure 15 shows one embodiment of a process implemented by
memory module controller 1202 to perform a write transaction to one or
more of SDRAMSs 1204-1207 after receiving a write request from system
memory bus 1242. The same process may be used to write data to any of the
SDRAMs. Figure 15 is described with the aid of the exemplary timing
diagram of Figure 16. Memory module controller 1202 may implement the
process of Figure 13 using the circuitry shown in memory module 1000 of
Figure 10.

It will be appreciated that Figure 15 shows CLK 1228 having
approximately twice the frequency of CLK 1208. For one embodiment, CLK
1228 may have a frequency of approximately 400 MHz and CLK 1208 may
have a frequency of approximately 200 MHz. For other embodiments,
different ratios of frequencies, and/or different frequencies, may be used.

The process starts at step 1502. At step 1504 and from time t0 to time

tl, an activate command is sent on row lines 1234 including a device, bank,
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and row address of memory locations in one or more of selected SDRAMSs
1204-1207. At step 1506, data request logic 1004 deserializes the command and
address information and provides this information to control logic 1002.

Because the memory addressing scheme protocol used by Direct
RDRAM™ devices may be different than that used by SDRAMs 1204-1207,
the activate command supplied on row address lines 1234 may include
column address information for the selected SDRAMs. In this example, this
column address information may be stored in address storage unit 1040 until
such time that the column address information is issued to the selected
SDRAMs. |

At step 1508 and from time t2 to time t3, a write command is sent on
column lines 1236. The write command includes device, bank, and column
address information for the desired write locations in the selected SDRAMs.
At step 1510, request handling logic 1004 deserializes the write command and
provides this information to control logic 1002. If there is a difference
between the number of bytes selected for writing in the selected SDRAMSs
and the number of bytes selected by the system memory controller, then steps
1508 and 1510 may be repeated a desired number of times to match the
number of bytes. For example, as shown in Figure 16, if the first write
command WRITE1 on column 1236 (together with the activate command on
row 1234) selects 16 bytes of data and the write command to the selected
SDRAMs addresses 32 bytes of data, then a second write command WRITE2

may be issued from time t3 to time t4 to address the second 16 bytes.
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At step 1512 and from time t5 to time t6, data handling logic 1046 may
receive write data DATA1 from data bus 1232 and may unpack or deserialize
the write data. Data handling logic 1046 may store the write data DATA1 into
write buffer 1012, and address storage 1014 may store the write address output
by request handling logic 1004. If a subsequent write or read command is
received, control logic 1002 may inspect write buffer 1012 and address storage
1014 for the requested address. If the address is located in address storage
1014, then the corresponding data in write buffer 1012 may be read or
overwritten. If a subsequent write command WRITE2 is issued, then
DATAZ2 received from time t8 to time t10, and associated with this
command, may be unpacked or deserialized and also stored in write buffer
1012.

At step 1516 and from time t6 to time t7, control logic 1002 then
provides the row address to the selected SDRAMs over address bus 1214
and/or 1222, and the appropriate bank activate command to the selected
SDRAMs over control bus 1238 and/or 1240. For one embodiment, the
appropriate bank activate command includes disabling CAS lines 1211
and/or 1219 and WE lines 1210 and /or 1218, and enabling CS lines 1213
and/or 1221 and RAS lines 1212 and/or 1220 at the rising edge of CLK 1208
and/or CLK 1216. At step 1518 and from time t9 to time t11, control logic
1002 then provides the column address and the write command to the
selected SDRAMs over address bus 1214 and/or 1222 and control bus 1238

and/or 1240, respectively. For one embodiment, the appropriate write
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command includes disabling RAS lines 1212 and/or 1210 and enabling CS
lines 1213 and/or 1221, RAS lines 1212 and/or 1210, and WE lines 1210
and/or 1218 at the rising edge of CLK 1208 and/or CLK 1216.

At step 1520 and from time t9 to time t14, control logic may cause the
write data to be provided to the selected SDRAMSs on data lines 1224, 1225,
1226, and/or 1227 from data I/O circuitry 1022. For example, 32 bytes of data
may be written to the four SDRAMs 1204-1207 in the following manner:
from time t9 to time t11 data I/O circuitry 1022 may provide data packet DO
including the first eight bytes, two bytes to each of the four SDRAMs; and
from time t11 to time t12 data packet D1 including the second eight bytes, two
bytes to each of SDRAMs 1204-1207. DO and D1 may correspond to DATAL.
Additionally, from time t12 to time t13 data I/O circuitry 1022 may provide
data packet D2 including the third eight bytes, two bytes to each of SDRAMs
1204-1207, and from time t13 to time t14 data packet D3 including the last
eight bytes, two bytes to each of SDRAMSs 1204-1207. D2 and D3 may
correspond to DATA2. It will be appreciated that for other embodiments a
different number of bytes and a different number of cycles may be required to
write the selected the data to the selected SDRAMs. Although in this
example all DRAMs are written to, in alternative embodiments a partial
write to one (or less than all) of the SDRAMs may be executed.

In an alternative embodiment, memory module controller 102 may
also provide a bridge between system memory bus 1242 and SDRAMSs 1204-

1207 using a modified protocol. The modified protocol may be
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demultiplexed having a data bus and a separate control bus that transmits
control information and address between a system memory controller (e.g.,
system memory controller 304 of Figure 3) and memory module controller
1202.

In this embodiment, a read transaction from one or more of SDRAMs
1204-1207 may be performed as shown in Figure 17 wherein row bus 1234 and
column bus 1236 are used as one control bus 1235 having eight signal lines.
For other embodiments, a different number of signal lines may be used.

From time t0 to time t1, an activate command is sent on control bus
1235 including a device, bank, and row address of selected memory locations
in SDRAMs 1204-1207. In this embodiment, the activate command may be
spread over two cycles (i.e., cycle 0 and cycle 1 in Table 1 below) of CLK 1228
in which data is transferred on each clock edge of the CLK 1228 (i.e., double-
pumped). For one embodiment the packet format is as shown in Table 1

where RQ[7:0] correspond to the signal lines of control bus 1235.

Cycle | RQ7] | RQI6] | RQIS] | RQM] | RQ[3] | RQE2] | RQ1] | RQ[O]
0 ST SF D4l | DBl | DR | Dj | Dlo] | Bo]
0 R6] | RIS} | RM4] | RB] | R2] | R1] | RO] | B[
1 R[13] | R[12] | R | R[10] | R9 | R | R[7] | B
TABLE 1

The activate command includes several fields:

B[2:0] Bank Select: Selects one of eight banks in SDRAMs 1204-1207;
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D[4:0] Device Select: Selects one of 2° or 32 memory module

controllers;

R[13:0] Row Address: Provides a row address for one or more
locations selected in SDRAMSs 1204-1207; and

ST, SF Encoded Frame/Fast Command: Bits used to indicate whether

a command is framed as indicated in Table 2. The Extended commands may

include noop, precharge, refresh, and other commands.

ST SF Operation

0 0 No Framing

0 1 Frame an Active Command (page
activate)

1 0 Frame a Read/Write Command
(page hit)

1 1 Frame an Extended Command

TABLE 2

From time t2 to time t3, data request logic 1004 deserializes the
command and address information and provides this information to control
logic 1002. Control logic 1002 then provides the row address to the selected

SDRAMSs over address bus 1214 and /or 1222, and the appropriate bank
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activate command to the selected SDRAMSs over control bus 1238 and/or
1240 (e.g., as described above with respect to Figures 13 and 14).

From time t4 to time t5, a read command is sent on control bus 1235.
The read command includes device, bank, and column address information
for the desired read locations in the SDRAMs. In this embodiment, the read
command may be spread over two cycles (i.e., cycle 0 and cycle 1 in Table 3

below) of CLK 1228, and have a packet format as shown in Table 3.

Cycle | RQ[7] | RQ[6] | RQ[5] | RQI4] | RQ3] | RQ[2] | RQ[1] | RQIO]
0 ST SF D4l | DB | DRI | DM | Do) | Blo]
0 cel | cB | ca | cBl | cm | cu | o | cm
1 AP | R/W | cuy | cuol | co | <l | ann | c
TABLE 3

The read command includes several different fields not present in the

activate command:
C[11:0] Row Address: Provides a column address for one or more
locations selected in SDRAMSs 1204-1207;
R/W Read Write: indicates whether the command is a read

transaction or a write transaction. When this signal is in one logical state it

indicates a read transaction, and when it is in the complementary logic state

it indicates a write transaction; and

AP Autoprecharge: Indicates whether the selected column (or row) of

selected memory cells should be precharged after reading.
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From time t6 to time t8, request handling logic 1004 deserializes the
read command and provides this information to control logic 1002. Control
logic 1002 then provides the column address and the read command to the
selected SDRAMSs over address bus 1214 and/or 1222 and over control bus
1238 and/or 1240, respectively, (e.g., as described above with respect to Figures
13 and 14). If the first read command READ1 on control bus 1235 addresses
less bytes of data and the read command issued to SDRAMs 1204-1207, then a
second read command READ2 may be issued from time t7 to time t9.

From time t10 to time t16, data I/0O circuitry 1022 may receive data read
from the selected SDRAMs. For example, 32 bytes of data may be read from
the four SDRAMs 1204-1207 in the following manner: from time t10 to time
t11 data 1/O circuitry 1022 may receive data packet DO that includes the first
eight bytes, two bytes from each of the four SDRAMSs 1204-1207; from time t11
to time t12 data packet D1 that includes the second eight bytes two bytes from
each of the four SDRAMs; from time t13 to time t14 data packet D2 that
includes the third eight bytes, two bytes from each of the four SDRAM; and,
from time t14 to time t16 data packet D3 that includes the last eight bytes, two
bytes from each of the four SDRAMs. It will be appreciated that for other
embodiments a different number of bytes and a different number of cycles
may be required to read the selected data from the selected SDRAMs.

When the read data is received, it may be stofed in read buffer 1038
prior to providing the data to data handling logic 1046. Alternatively, it may

be provided directly to data handling logic 1046. At step 1314, data handling
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logic may serialize or pack the data into the proper format expected by the
system memory controller on data bus 1232. For one embodiment, data
packets DO and D1, including a total of 16 bytes of data from SDRAMs 1204-
1207, may be packed into one uninterrupted transmission DATA1 that may
provided to data bus 1232 from time t12 to time t15. Similarly, data packets
D2 and D3, including a second 16 bytes of data from SDRAMSs 1204-1207 may
be packed into one uninterrupted transmission DATA2 that may provided to
data bus 1232 from time t15 to time t17.

For this embodiment, a write transaction to one or more of SDRAMs
1204-1207 may be performed as shown in Figure 18. From time t0 to time t1,
an activate command as shown in Table 1 is sent on control bus 1235
including a device, bank, and row address of memory locations in one or
more of SDRAMs 1204-1207. Data request logic 1004 deserializes the
command and address information and provides this information to control
logic 1002.

From time t2 to time t3, a write command is sent on control bus 1235
that includes device, bank, and column address information for the desired
write locations in SDRAMs 1204-1207. The write command uses the packet
format shown in Table 3 with the R/W bit set appropriately to indicate a
write transaction. Request handling logic 1004 deserializes the write
command and provides this information to control logic 1002. If there is a
difference between the number of bytes selected for writing in SDRAMs 1204-

1207(e.g., 32 bytes) and the number of bytes selected by the single write
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1098&' () - f21099& ()- KZ5;}|[:vU410 yl1099& ()- 1099& ()- 1099& ()-
109%9&’ () - transaction issued by the system memory controller (e.g., 16 bytes), then the

first write command WRITE1 on control bus 1235 may write a first amount

(e.g., 16 bytes) of data, and a second write command WRITE2 may be issued

from time t4 to time t5 to write a second amount of data (e.g., another 16

bytes).

From time t6 to time t9, data handling logic 1046 may receive write

data DATAL from data bus 1232 and may unpack or deserialize the write

data. Data handling logic 1046 may store the write data DATA1 into write

buffer 1012, and address storage 1014 may store the write address output by

request handling logic 1004. If a subsequent write or read command is

received, control logic 1002 may inspect write buffer 1012 and address storage

1014 for the requested address. If the address is located in address storage

1014, then the corresponding data in write buffer 1012 may be read or

overwritten. If a subsequent write command WRITE?2 is issued, then

DATA?2 received from time t9 to time t11, and associated with this

command, may be unpacked or deserialized and also stored in write buffer

1012.

From time t7 to time t8, control logic 1002 then provides the row

address to the selected SDRAMs over address bus 1214 and/or 1222, and the

appropriate bank activate command to SDRAMs 1204-1207 over control bus

1238 and /or 1240 (e.g., as described above with respect to Figures 15 and 16).

From time t11 to time t12, control logic 1002 then provides the column

address and the write command to the selected SDRAMSs over address bus
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" 1090 () -*" 10904 () -*" 10994 () -*" 10994 () - Aodz>" 2v410 ]
"1000@& () *" 1090& ()-*" 109& ()-*" 1000 ()-*" 10%4& ()-*" 1000& ()- bB2vUAL0
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103 $3 3 61093 () - - .
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#L1099%0& (}214 and¥prd222 snd over mhaudI®AL 1258 283 /3 1248 r@pectively (e.g., as

described above with respect to Figures 15 and 16).

* % X X

From time t10 to time t15, control logic may cause the write data to be
provided to the selected SDRAMs on data lines 1224, 1225, 1226, and /or 1227
from data I/O circuitry 1022. For example, 32 bytes of data may be written to
the four SDRAMs 1204-1207 in the following manner: from time t10 to time
t12 data I/O circuitry 1022 may provide data packet D0 including the first
eight bytes, two bytes to each of the four SDRAMs; and from time t12 to time
t13 data packet D1 including the second eight bytes, two bytes to each of
SDRAMSs 1204-1207. DO and D1 may correspond to DATAL. Additionally,
from time t13 to time t14 data I/O circuitry 1022 may provide data packet D2
including the third eight bytes, two bytes to each of SDRAMSs 1204-1207, and
from time t14 to time t15 data packet D3 including the last eight bytes, two
bytes to each of SDRAMs 1204-1207. D2 and D3 may correspond to DATA2.

It will be appreciated that for other embodiments a different number of bytes
and a different number of cycles may be required to write the selected the
data to the selected SDRAMs. Although in this example all DRAMs are
written to, in alternative embodiments a partial write to one (or less than all)
of the SDRAMSs may be executed.

Although the present invention has been described in terms of specific
embodiments, it will be appreciated that various modifications and

alterations might be made by those skilled in the art without departing from
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the spirit and scope of the invention. The invention should therefore be

measured in terms of the claims which follow.
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.1 4M 409dkem § first mempyyhus, jand to qayyge the) first memogystransaction G & s¢yond memory
0%#&' () -
a 5 ()transaction in a second format for the plurality of memory devices, the second format of the
6  second memory transaction being different from the first format of the first memory

7  transaction.

1 2 The memory module of claim 1, wherein the memory module controller is to reformat
2 the first memory transaction in the first format into the second memory transaction in the
3 second format, and is to provide the second memory transaction to at least one of the

4  plurality of memory devices.
1 3. The memory medule of claim 1, further comprising:

2 a second memory bus coupled between the memory module controller and the

3 plurality of memory devices.

L 4, The memory module of claim 3, wherein the second memory bus comprises separate

2 address, data, and control signal lines.
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data rat:(e )1s dxft)ercnt than the second data rate.

1 7. The memory module of claim 1, wherein the first memory bus includes 2 first number
2 of signal lines and the second memory bus includes a second number of signal lines, and

‘3 wherein the first number is different than the second number.

1 8. The memory module of claim 1, wherein the memory module controller comprises:
2 request handling circuitry to receive the first memory transaction from the first

3 memory bus; and

4 control logic coupled to the request handling circuitry and to reformat the first

5  memory transaction and to provide the reformatted first memory transaction to at least one of

6  the plurality of memory devices.
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2 memory module (DIMM).

1 11.  The memory module of claim 1, wherein the memory module is a single in-line first

2 memory module (SIMM),

1 12, The memory module of claim 1, wherejn the plurality of memory devices comprise

2 volatile memory devices.

1 13, The memory module of claim 1, wherein the plurality of memory devices comprise

2 nonvolatile memory devices.
1 14, The memory module of claim 1, wherein the memory module controller is to generate

2 ahandshake signal that indicates if the memory module controller is communicating data to

3 the system memory controller.
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1 15.  The memory module of claim 1, wherein the first memory transaction is a write

2  transaction.

1 16.  The memory module of claim 1, wherein the first memory transaction is a read

2  transaction.

17. A memory module, comprising:

a plurality of memory devices; and

a memory module controller coupled to the plurality of memory devices, the memory
module controller to receive a first memory transaction in a first format from a memory bus,
and to convert the first memory transaction into a second memory transaction in a second
format, and to provide the second memory transaction in the second format to at least one of

the plurality of memory devices.
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